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RÉSUMÉ

Les voitures électriques ont le potentiel de définir le nouvel horizon du transport routier à
venir, dont la seule contrainte est le système de stockage d’énergie. C/LiFePO4 (C/LFP)
est un matériau cathodique prometteur pour les batteries aux ions lithium: car il est peu
coûteux, non-flammable, et stable. Dans le cadre du projet avec “Automotive Partnership
Canada”, l’École Polytechnique et l’Université de Montréal ont mis au point un processus de
synthèse par fusion pour réduire le prix de production de LiFePO4 (LFP), de 20 $/kg à moins
de 5 $/kg. Pour atteindre cet objectif, le processus implique la production de nanoparticules
de LFP suspendues dans l’eau, (distribution granulométrique, PSD médian 200 nm) à partir
du broyage d’un lingot obtenu par une synthèse en fusion. Une source de carbone est ajoutée
lors du broyage (<10 %). Ensuite, l’eau est éliminée par séchage par pulvérisation (jusqu’à
99 %) et la poudre est chauffé dans un four (700 ◦C pendant 4 h) pour convertir la source de
carbone dans une couche de 1 nm à 3 nm de graphite électriquement conductrice, qui recouvre
les nanoparticules d’LFP, qui ne conduisent pas d’électricité.

L’élimination des solvants à partir des suspensions solides de nanoparticules demande la
même diligence que le séchage des ingrédients pharmaceutiques. Sécher et pyrolyser la sus-
pension simultanément, à la fois donnera un morceau de céramique frittée. Si la suspension
de nanoparticules d’LFP sèche dans un four conventionnel, le matériel s’oxyde, s’agglomère et
perd de porosité et de surface spécifique. Le séchage par pulvérisation préserve ces propriétés
car les temps de contact sont de l’ordre de quelques secondes; de plus, les gouttelettes atom-
isées sont petites (5 µm à 20 µm) et bien dispersées. Après, un four pyrolyse le précurseur de
carbone, sans altérer la structure mésoporeuse interne ni les microparticules de poudre. Le
matériel est ensuite imprégné d’électrolyte et appliqué en couche mince dans une batterie.
Nous concevons les séchages par atomisation à l’échelle de laboratoire (0.12 m) et pilote avec
une unité de diamètre 0.8 m permettant d’évaluer la faisabilité du processus. Nous séchons
par atomisation l’LFP avec des précurseurs organiques (lactose et PVA) afin de recouvrir de
manière homogène la structure mésoporeuse de la poudre et créer une cage de carbone qui
entoure les nanoparticules. Les tests de capacité sur la batterie permettent de déterminer
quelle source de carbone recouvre mieux le matériau après la pyrolyse et démontre que la
cage en carbone prolonge la durée de vie de la batterie et sa vitesse de décharge.
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ABSTRACT

As fossil fuels become less attractive for powering vehicles, electric cars have the potential to
define the new skyline for future road transportation. C/LiFePO4 (C/LFP) is a promising
cathode material for such batteries: inexpensive, non-flammable and stable. As part of
the “Automotive Partnership Canada” project, Polytechnique and Université de Montreal
developed a melt-synthesis process for LiFePO4 (LFP), aiming to cut its price from 20 $/kg
to less than 5 $/kg. To reach this target the process involves grinding an ingot from a
melt synthesis batch, to nanosized-particles by means of a wet media mill (particle size
distribution, PSD median 200 nm). A carbon source is added during milling (<10 %). Then
water is removed by spray drying (up to 99 %) and the powder is heated in a furnace (700 ◦C
for 4 h) to pyrolyze the carbon source into a 1 nm to 3 nm electrically conductive layer.

Removing solvent from nanoparticle solid suspensions requires the same diligence as drying
pharmaceutical ingredients. Simultaneously drying and pyrolyzing the suspension will pro-
duce a sintered ceramic chunk. LFP nanoparticle suspensions in water oxidize, agglomerate
and lose surface area when drying in a furnace. Spray drying preserves those properties
because contact times are on the order of seconds; furthermore, the atomized droplets ensure
particles are small (5 µm to 20 µm) and dispersed. A furnace pyrolyzes the carbon precur-
sor, but does not sinter the internal mesoporous structure or sinter the micro-sized powder
particles. The material is then impregnated with the electrolyte and applied as a 60 µm thin
layer on a cathode sheet of the Li-ion battery. Scale-up from a 0.12 m to a 0.8 m diameter
unit determines the process’ feasibility. We spray dry the LFP suspension with the organic
precursors (lactose and PVA) to homogeneously coat the LFP mesoporous structure and
create a carbon-cage that surrounds the nanoparticles. Battery capacity tests assess which
organic source better coats the material after pyrolysis and demonstrate that the carbon-cage
extends the battery’s life and discharge rate.
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CHAPTER 1 INTRODUCTION

The obnoxious beauty of fossil fuels is due to their ability of disposing of their energy quickly,
on-demand and to store it in small volumes due to it’s high energy density. Renewable energy
sources instead, are fundamentally discontinuous. Therefore these centuries global effort, to
reduce carbon emission and to switch to renewable energy sources, is mostly focused to cre-
ate an efficient and economic energy storage system. Bloomberg’s “New energy finance”
report forecast that by 2050, 50 % of the global electric generation will be met by wind
and solar, with an 11.5 trillion dollar investment in new power generation. This investment
will be accompanied by 0.5 trillion dollar in new battery capacity. Indeed, energy storage is
the missing piece of the puzzle for renewable energies. Energy storage becomes particularly
important when looking at transportation vehicles, for example gasoline and diesel vehicles
pollute and require more and more sophisticated systems to decompose the exhaust pollu-
tants to CO2. In fact, Europe will ban diesel car sales by 2020, due to their unacceptable
pollution standards. On the other hand, electric cars, are more expensive to purchase, al-
though the cost is primarily related to the battery pack. A gasoline car is more expensive
to manufacture compared to an electric car without it’s “battery”, the gasoline car has also
more mechanical components, requires more maintenance and fluids to operate. In collab-
oration with Université de Montréal and CANMETmaterials, we developed a new process
to make inexpensive cathode materials for Li-ion batteries for automotive applications. In
2010 the cost of a Li-ion battery pack was 1000 USD kWh−1, in 2014 500 USD kWh−1, and
in 2018 dropped to 200 USD kWh−1. In a battery the most expensive component is the
cathode material, which represents 20 % of the total cost. In the melt-synthesis process we
prepare ingots of LiFePO4 with inexpensive ore-grade substrates.[14] The ingots from the
melt are ground with a jaw crusher, roller grinder and ultimately with a wet media mill,
to reach a nanoparticle solid suspension in water,[15] as a 200 nm particle size enhance the
performance and cyclability of the battery.[16] Controlling the primary particle size (200 nm)
is critical to achieve a high flow of Li-ions during the charge/discharge of the battery. Unlike
other cathode materials, LiFePO4 has a mono dimensional tunnel-like crystalline structure,
in which the Li-ions intercalate. This limits the diffusivity of the Li-ion inside the material
and to achieve fast charging and discharging properties, a small primary particle generates
a high specific surface area and therefore, a high Li-ion flow. To achieve that, we have to
grind the material to the nanoparticle size and a suitable instrument is a wet media mill,
which creates a nanoparticle suspension in water. But, removing solvent from nanoparticle
solid suspension requires the same diligence as drying pharmaceutical ingredients. LiFePO4



2

nanoparticles suspension in water oxidize, sinter and Li3PO4 segregates on the surface when
they dry in a furnace. Spray drying preserves the material properties because contact times
are on the orders of seconds; furthermore, the atomized droplets ensure particles are small
and dispersed. This PhD thesis regards spray drying this LFP nanoparticle suspension into
a bone dry dust and testing their performance once assembled in a battery. However, the
LiFePO4 material also suffers from poor electrical conductivity, to resolve this issue we spray
dry the mixture with organic binders dissolved in the suspension. Spray drying coats the
primary particles with the organic binders, it aggregates the nanoparticles in a micron sized
secondary particle and removes the solvent. Finally pyrolysis converts the carbon precursors
into conductive carbon, which improves the electric conductivity of the active material. The
pyrolyzed powder is then mixed with the electrolyte, homogenized in a tube roller, painted
on an aluminum current collector and assembled in a coin cell battery for testing.
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1.1 Definitions and basic concepts

Li-ion batteries (LIB) are rechargeable accumulators where, during discharge, electrons flow
from the negative electrode to the positive one through an external electrical circuit, while
the lithium ions close the internal circuit by diffusing from the anode to the cathode within
the cell unit. Anode (graphite, C6) and cathode (LFP, LiFePO4) are separated by a semi-
permeable mesoporous polyethylene membrane, that allows only Li+ to pass through (good
ionic conductivity) but avoids electrons to flow directly across (avoid an internal short circuit).
LIB have the peculiar characteristic in which anode and cathode intercalates Li+. The liquid
electrolyte solvates the Li+ and allows its diffusion through the cell, withstanding severe redox
conditions without decomposition.[17] To increase the medium conductivity; salts (LiPF6,
LiBF4 or LiClO4) are added to the organic solvent (ethylene carbonate, dimethyl carbonate,
or diethyl carbonate).[18]

In LiFePO4, the lithium atom has a positive +1 charge, the iron +2 and the phosphate group
balances with a -3 charge. When Li+ deintercalates, the cathode material becomes FePO4,
with Fe3+.[19] During discharge Li+ deintercalates from the higher redox potential graphite
anode:

LiC6 −−→ C6 + Li+ + e− (1.1)

Li+ diffuse through the membrane and reaches the cathode, then Li+ ion intercalates the

Fe3+PO 3–
4 , which gets reduced to Fe2+:

FePO4 + Li+ + e− −−→ LiFePO4 (1.2)

The reaction is reversible by imposing an external electromotive force during the charge
process.[20]

The C-rate is the rate at which a battery discharges relative to its maximum capacity. At 1C
the battery discharges in 1 h, at 0.1C in 10 h and at 2C in 30 min, for automotive purposes
the average C-rate is 0.5C-1C, with peaks of 10C during acceleration. High C-rates are more
demanding and stress the battery more and represent transportation applications best.

The capacity of a battery (Ah for a specific C-rate) is the coulometric capacity, the total
Amp-hours available when the battery is discharged at a certain discharge current (specified
as a C-rate) from 100 percent state-of-charge to the cut-off voltage. Capacity is calculated by
multiplying the discharge current (in Amps) by the discharge time (in hours) and decreases
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with increasing C-rate.

The cyclability of a battery is the number of cycle of charge-discharge the battery experiences
before it fails to meet specific performance criteria.
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1.2 Open problems

Lithium-ion batteries power our life: cellphones and computers count in billions of units, all
with a lithium-ion battery inside. Technology aims to scale-up batteries to the automotive
industry and stationary energy storage systems.[21] Towards this goal, batteries having high
efficiency, long-life and low-cost are the best choices to effectively transition to electric vehi-
cles and decrease our dependency on fossil fuels; while electric storage units create a flexible
and reliable grid system smoothing-out the fluctuating supply from renewable sources.[22]
The cathode represents the bottle-neck of this technology, as its capacity is one order of
magnitude lower than the graphite anode. LiCoO2, at 273 mA h g−1, is the cathode of choice
for electric vehicles, but is costly and has safety and environmental issues.[23] LiFePO4 has
a lower capacity (170 mA h g−1) but costs less, is thermally stable, and its precursors are en-
vironmentally benign.[24, 25] Lithium-sulfur cells with a glass solid-state electrolyte promise
to be the next generation batteries, but despite their outstanding cycle life (above 15000),
and improved capacity (reaching 500 mA h g−1) this technology is still young and is unknown
whether it will be industrially scalable and cost-effective.[26] Commercial LiFePO4 batteries
discharging at 2.5C-rate maintain their temperature below 55 ◦C and in case of short-circuit
would not sustain a thermal-runaway and ignite.[27, 28] On the other hand, LiFePO4 mate-
rial has a poor electrical conductivity and slow Li+ diffusivity in the crystalline matrix. The
addition of carbon black[29] and coating with a carbon layer or metal oxide increases the elec-
trical conductivity[30, 31] while doping it with cations improve the Li+ diffusivity.[32] Carbon
nanotubes (CNT) demonstrated high power output and excellent cycling performance in a
ZnFe2O4−C/LiFePO4−CNT battery, but only at a laboratory scale (10000 cycles at 10C,
retained 85 % of the initial capacity).[33] Other laboratory scale innovations improve the
wettability by nanostructuring the material: a greater specific surface area puts more mate-
rial in contact with the electrolyte, which increases Li+ flow rate across the cathode while
nanoparticles shortens the diffusion path and lowers the mass transfer resistance across the
material.[34] Moreover, flame-spray pyrolysis demonstrated the importance of controlling the
size of the powder also at a micron-scale level.[35] Coupling LiFePO4 with iodine modifies
the redox cycle and improves the energy density[36] and different carbon precursors lead to
a better conductive carbon layer.[37]

It is important to stress that in the optic of sustainable development, new materials, processes
and products have to be sustainable. A patented melt-synthesis process[38] cuts the costs
of raw material manufacturing by an order of magnitude, the melt-synthesized LFP achieves
an optimal elemental dispersion and crystal structure[39] and it can potentially recycle the
spent material at the end of its life. A melt-synthesis process can recover the inorganic
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salt components of the cathode, burn-off the carbon and plastic components of the battery
casing and separator, thus allowing battery’s recycling of the main components. The melt-
synthesis process requires then to grind the melted ingots to nanometric particles: Li+ flow
increases six orders of magnitude by reducing the particle size from micron to nano size while
creating a mesoporous structure: both specific power and cyclability improve.[40] In fact,
lithium ion diffusivity through the olivine crystal matrix of LFP is low compared to the more
open structures of LiMnO2, LiCoO2 and TiS2 (Figure 4.1) and varies from 10−11 m2 s−1 to
10−18 m2 s−1.[41] LFP electrical conductivity is also low at 10−7 Ω−1 m−1.

Figure 1.1 Crystal structures that intercalate lithium ion.[1] (a) Olivine LiFePO4 confines Li+
through a tunnel-like structure, this nearly close-packed hexagonal array of oxides centers
provides little free volume for Li+ to diffuse. The layered structure of LiCoO2 (b) and TiS2
(c) is more open and lets Li+ to migrate bidimensionally.

We solve those shortcomings by reducing the LFP powders to the submicron and nano
particle range,[42] and coating with a 2 nm electron-conductive carbon layer.[43, 1] Lithium
ion diffuses through the olivine crystal structure of LiFePO4 to the electrolyte medium faster
when the specific surface area of the material is increased.

There are several commercial processes to synthesize the nano-structured cathode material
for Li-ion batteries: sol-gel process, electrochemical synthesis, solution co-precipitation, hy-
drothermal synthesis, and flame-spray pyrolysis.[44] All these methods involve processing
large quantities of solvent with solid mass fractions ranging from 10 % to 70 %. Drying is a
critical step and controlling the temperature during the process is important to maintain the
desired material morphology.[45] Removing solvent in furnaces changes the nano-structure,
oxidizes the surface, agglomerates the particles, occludes the pores and change the crystal
structure.[46] Drying in fluidized bed dryers is a discontinuous process divided in multiple
drying and comminution steps, each lasting 10 min to 60 min: as the powder dries, it ag-
glomerates. Therefore the resulting granules need to be reduced in size between each step to
be able to control the residual moisture of the final material.[47] Spouted bed dryers have
10 to 15 times the drying rate of a conventional spray dryers but only fluidize big particles
(>200 µm).[48] Plasma-spraying is a novel technology for delivering nanometric (<30 nm)
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dried particles,[49] but the cost for this technology discourages any industrial scale up for
LFP. It is also unclear if it is possible to maintain the olivine crystal structure during the
plasma process. Spray drying is a robust technology used in the pharmaceutical, food and
catalyst industries to dry solutions or suspensions economically and quickly (0.1 s to 60 s) at
low temperatures (60 ◦C to 200 ◦C), preventing degradation and achieving a fine granule size
(2 µm to 300 µm).

We demonstrate the scale-up feasibility for spray drying melt-synthesized LiFePO4 and or-
ganic precursors that self-assemble into a carbon cage, which increases the cathode cyclability,
similarly to carbon nanotubes.[50] Melt-cast processes reduce the reactant cost by 40 %, start-
ing from lower-grade purity precursors, but still yield a pure, crystalline material.[51, 52] In
our process, a furnace produces LFP ingots. Subsequently, a jaw crusher, a roller grinder and
a wet media mill reduce the size of the material to the nanoscale in water. Organic precursors
are mixed and spray drying desiccates the suspension. In the process, a two-fluid nozzle at-
omizes the suspension with compressed air. The hot air dries the microscopic droplets (from
1 µm to 100 µm), and the suspended nanoparticles (primary particles, facing sizes ranging
from 0.07 µm to 0.2 µm) agglomerate into a porous, spherical or doughnut-shaped, secondary
particles (from 5 µm to 50 µm) which forms the powder that is collected from the unit. The
resulting porous powder is then calcined to pyrolyze the organic precursor to semi-graphitic
carbon which enhances the electrical conductivity of the material. Finally, we established
the electrochemical quality of the LFP/C active cathode material using coin-cell batteries.

1.3 General research objectives

Identify spray dry conditions to dry LiFePO4 nanoparticle’s suspensions that maximize the
bulk density, while maintaining high surface area, porosity and optimal electrical properties,
including different carbon precursors.

1.4 Specific objectives

We aim to identify the optimal spray drying conditions and correlate the main factor of
spray drying (temperature, atomization pressure, drying air flow, feed flow, solid loading,
feed composition and particle size) with yield, residual moisture, secondary particle size and
morphology, porosity and density. We want to establish on the laboratory unit, the scale-up
criteria and use them on the pilot unit to investigate how carbon precursors and secondary
particle size affect the electrochemical property of the cathode in a battery.
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1.4.1 Identification of the optimal spray drying conditions

As inlet temperature augments, the drying thermal efficiency increases. However excessive
temperature and residence time oxidize the material to Fe(III). At the laboratory scale,
we ramp up temperature to 200 ◦C (in the pilot, up to 350 ◦C), to identify the optimal
drying conditions. We investigate the effect of temperature, feed concentration, atomization
and primary particle size over the response variables: secondary particle size distribution,
bulk density, residual moisture, surface area and porosity. Higher temperatures increase the
mesoporosity, increasing the surface area. A faster drying rate leaves less time for particle
agglomeration. Moisture level decreases as the heat flux is more intense and particles dried
at a higher temperature will be bigger as the drying air density decreases. We will assess if
the drying conditions oxidize the surface of the material with XRD. SEM will give us the
microscopic material morphology and EDS mapping the phase segregation (in case drying
segregates two or more phases or the melting process created a different material). A laser
scattering diffractometer assesses the particle size distribution. Surface area, porosity and
residual moisture are measured using a nitrogen physisorption instrument.

1.4.2 Deriving an empirical model for bulk density

Higher temperatures increase the powder mesoporosity (a microscopic property), but the
bulk density of the powder is mostly affected by macroporosity (a macroscopic property).
We established that the material porosity increases as the feed solid concentration decreases.
A less concentrated material increases the amount of steam leaving the drying particle, thus
pushing the primary particles away to create discharge channels for the leaving vapors. Also,
smaller secondary particles increase the cohesive force, allowing less powder to compact
during bulk and tapped density measurement.

1.4.3 Conceive scale-up criteria based on testing in the pilot and laboratory
scale dryer, investigate interactions with carbon precursors and electro-
chemical battery tests

Spray drying creates a mesoporous powder that promotes wettability. The addition to the
suspension of lactose and high-Mw polyvinyl alcohol (PVA) and pyrolysis creates a carbon
grid that interconnects the cathode nanoparticles, imparting better capacity (LiFePO4/C:
161 mA h g−1 at 0.1C-rate), discharge rate (flat plateau with 135 mA h g−1 at 10C), and cy-
clablity (88 % capacity retention after 950 cycles at 1C). Spray dried particle size affects
battery stability; PVA increases the suspension’s viscosity and alters the powder morphol-
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ogy, from spherical to hollow particles. A model describes the rheology of the non-Newtonian
ternary system: water-LFP-PVA, for shear and temperature variation. We investigate the
calcination mechanism by measuring the carbon content and chemical composition of the
pyrolyzed species by XPS and Raman. Carbon precursors prevent sintering of the nanopar-
ticles but lactose gasifies 50 % of the carbon. The PVA carbon grid imparts microporosity
and we correlate the SEM and TEM powder’s morphology with N2 physisorption porosime-
try. Ultrasonication of the LFP-organic precursors suspension leads to the fragmentation of
the PVA chain, which is detrimental for the final cathode material.
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CHAPTER 2 LITERATURE REVIEW

Researchers use spray drying as a tool to dessicate materials and form particles, without
investigating the effect of particle size, density, porosity, morphology on the material prop-
erties. Spray drying scale-up is mainly carried-out based on experimental know-how and a
list of carbon precursors gives a starting point for achieving an optimal electron-conductive
carbon layer after pyrolysis. Moreover, the choice of the appropriate nozzle and surfactants
impact on the atomization of the suspension during drying.

2.1 Spray drying

The process of milling, spray drying and powder’s pyrolysis has already been reported in liter-
ature (called WSC: Wet milling, Spray drying, Carbothermal reduction).[53] The researchers
mill the salt precursors to a <100 nm suspension, spray dry the material maintaining a meso-
porous structure forming 5 µm to 10 µm aggregates, then synthesize the cathode material
and carbon coat it with starch simultaneously at the carbothermal reduction step — solid
state reaction at 650 ◦C for 8.5 h. Our methodology envisages ore-grade materials, thus is
economically more appealing. Controlling the primary particle size distribution is crucial to
reach the desired electrochemical properties. As milling progresses, the material comminutes.
Batches of different milling times — and different PSDs — have, however, counterintuitive
properties. After spray drying each batch material with the same conditions, a battery ca-
pacity test demonstrates that the process is nonlinear.[54] Specific surface area and battery
capacity are maximized at 2.5 h of milling, with a D50 primary particle of 110 nm. After,
the assembled battery performance decreases. It is unknown however, if different drying
conditions enhance the smaller particles’ rheological suspension.

Spray drying a suspension instead of a solution achieves better results.[55] Three different
drying methods are reported to make LFP/C, including particle morphology analysis and
elemental distribution. Directly spray drying a solution of the precursor salts resulted in
phase segregation that could not be resolved during annealing. Two different crystalline
products lead to no energy storage property. Gelification of the starting solution intimately
mixed the components, leading to pure LFP/C product during annealing. However poor
specific surface area leads to poor battery performance. Spray drying the sol–gel material
creates a mesoporous structure with higher surface area and battery capacity. To avoid
thin-shell particles from spray drying a solution, a sol-gel process precipitates the molecules
into nano-sized primary particles that then agglomerate into a micro-sized network. This
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forms an homogeneous mesoporous structure upon spray drying.[56] Another paper reports
the effect of pH over the stability of a nanoparticle suspension. Breaking the isoelectric
point and letting the nanoparticles flocculate together (pH 8) avoid blow-holes and improve
the density of the material, thus maximizing the battery’s energy density.[57] Supercritical
synthesis of 80 nm LFP crystals starting from salt precursors and subsequent spray drying to
60 µm particles, created a material with poor electrical properties.[58] The material surface
area is undisclosed as well as the spray drying conditions, in fact, 2 µm to 10 µm spray dried
particles would maximize the battery’s performance, by exposing high surface for Li+ flow.[6]

Particle engineering of pharmaceutical ingredients via spray drying is an intense field of
research that has already established several criteria and dimensionless numbers to describe
the process. The definition of the dimensionless Peclet number discriminates between particle
morphologies (Figure 2.1).[2]

Figure 2.1 Schematic representation of particle morphologies. a) Layered with central core.
b) Layered with central void. c) Solid foam, closed cell. d) Solid foam, open cell. e) Particle
with embedded nanoparticles. f) Composite shell. g) Irregular, with external voids and
internal concentration gradients.[2]

Each particle morphology is examined — doughnut, hollow-shell, deflated balloon, homo-
geneous isotropic shrinkage (Figure 2.2) — and a drying mechanism is associate for each
phenomena. For Pe <1 we have isotropic shrinkage to a dense spherical particle. For Pe >10
the dried particle resembles a deflated balloon. The effect of nanoparticle interaction (Figure
2.3) and shell permeability are introduced to model the drying mechanism .[3]

The spray of a solution of salt precursors in water gives a thin-shell dried particle. Wet
milling overcomes the material inherent low particle density, while forming a compact dense
spray dried particle.[59] However, the methodology is unrepeatable due to the lack of the
experimental conditions. The initial particle morphology could have been engineered from
the beginning to obtain a void-less material by changing the drying rate or the pH of the
solution. There is no information regarding the drying step, and again all effort has been
put in the precursors choice and battery testing, rather then the powder technology. An
alloy of 2 LiFePO4Li3V2(PO4)3 is prepared by wet ball milling and spray drying, along with
additives for carbon coating.[60] No information nor references regarding the methodology are
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Figure 2.2 Summary of the behaviors according to the nanoparticle interactions, which de-
termine the shell permeability and consequently the Darcy pressure.[3]

Figure 2.3 Buckling time as a function of ionic strength. The experimental data measured
for drying droplets of zirconia suspensions (circles) are well described by the model. The
photographs show the grains obtained after full drying for different initial ionic strengths
of the suspension, corresponding to different initial states (fully dispersed or suspension of
fractal aggregates).[3]

disclosed, the focus is only on the novel cathode material and its testing. On the other hand,
spray drying of APIs is well described in literature. A Monte-Carlo stochastic approach is
used to model the impact of the feed material’s different particle sizes on the dried material.[5]
The crystallization time, versus the time required to dry the solid into an amorphous state,
plays a role in defining the particle morphology during spray drying.[61] Indeed LFP is



13

insoluble in water, at pH 6.5, but in acidic conditions LFP is partially soluble which alters
the viscosity of the feed material. The importance of drying rate for achieving a dense,
compact spray dried particle relies on the spray dryer dimensions.[62] A bigger spray dryer
unit allows more contact time for the drying particle, thus allowing the suspended particles to
compact more and achieve a superior attrition resistance material. Lower inlet temperatures
— lower drying rates — allows the suspended nanoparticles to compact into a less porous
dried material.

2.2 Scale-up

The scale-up of spray drying has been mainly carried-out based on experimental experience
(Figure 2.4).[4] The whole process depends on the feed properties, equipment dimensions
and design. However, some theoretical engineering models approaches can be found in the
literature.[63]

Figure 2.4 Modeling droplet size distribution, temperature profiles, relative humidity, and
cyclone efficiency give a better basis for spray-drying scale up, instead of trial-and-error
approaches.[4]

The humidity of the air leaving the drying chamber is a critical control parameter. Ther-
modynamic calculations estimate the humidity of the exhaust air for a particular set of
temperature, pressure, flow and heat loss conditions. However, this methodology was inca-
pable to predict particle and powder related characteristics (particle size and moisture level
in the particle).[64]
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Further investigations looked for the ability to produce identical powders, in different scale
instruments, by matching the droplet size distribution atomized. However, the methodology
was unsuccessfully implemented, because the differences in droplet temperature and contact
time were ignored as the scale of the instrument changes.[65]

A methodology that takes advantage of thermodynamics calculations, droplet drying kinetics
simulations, particle formation, computational fluid dynamic and atomization principles give
an alternative to traditional empirical spray-drying process development methods.[66]

Spray-dryer scale-up presents some advantages when scaling suspensions feed materials. The
atomization process gives a more uniform droplets size distributions and the drying rate is
slower, the possibility to work in different fluid-dynamic regimes around the droplet (pure
diffusion to laminar), controls the density of the powder.[67] However, the need for more feed
material poses critical evaluations over the choice of liquids’ volumes. Spray-drying small
volumes of suspensions lead to uncertainty at the beginning and at the end of the spray, as
the material mixes with the air or pure solvents and solid loading drops. The internal fluid
dynamic of the drying air changes to a turbulent regime, as the internal chamber diameter
increases. The more complex design and faster air flows increase the attrition of the dried
material with the piping, leading to particle fracture.[68]

A thermodynamic model predicts outlet temperature and powder’s residual moisture con-
tent during the spray drying process and Monte-Carlo simulation analyzes the effects of the
aerodynamic size of the droplets. These modeling techniques allows to order the relative im-
portance of the process variables and aids in understanding the drying unit operation (Figure
2.5).[5]

Figure 2.5 Control volume and transport terms for the spray dryer energy balance.[5]
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The biggest challenge in spray dryer scale-up is the formation of the same particle size and
structure with respect to the laboratory unit, and therefore the same powder properties.
The numerous interacting mechanisms that happen across all length scales make standard
process scale-up approaches, (like dimensional analysis), of limited use in a spray dryer.
There is no linear correlation between the mechanisms and associated dimensionless groups,
even if the geometry of the instrument is preserved. A starting point in process scale-up is
to recognize the scale-independent process factors that are necessary to achieve the desired
particle properties. Ideally, one would match the following important parameters across the
different scales:

• Feed properties and feed solid content.

• Atomized droplet size distribution

• The droplet drying rate.

• The (if present) desired particle to droplet collisions which form agglomerates.

• Avoid wall contacts and build-up.

However, in most cases it is not possible to conciliate all factors and differences are seen in
particle size, morphology, and product residual moisture content, due to differences in tower
design at different scales.[68]

On the laboratory scale, dilute feeds tend to be sprayed due to small-scale pump performance
in achieving a good pressure drop during atomization. The particle size is also small due to
the low residence times available for drying at the laboratory scale (< 1 s), pilot scale towers
have shorter residence times (20 s) and on the production scale (> 40 s). Laboratory scale
spray dryers are typically equipped with two-fluid nozzles which make small droplets whereas
large scale spray dryers use pressure nozzles that create larger droplets and therefore larger
particles. Adjusting the feed composition can lead to variation in product quality and heat
loss from the dryer walls and yield varies between the scales. Yields on small scale spray
dryers are generally below 70 % due to a large fraction of fine particles lost in the cyclone or
filters and the formation of wall deposits. The latter phenomena happens due to incomplete
drying of the droplets and changes the product properties and texture.[67]

2.3 Carbon coating

A three-component carbon precursor forms a hierarchical conductive architecture as high-
performance cathode for Li-ion batteries after spray drying a precursor solution (160 mA h g−1
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at 1C) (Figure 2.6).[6] However the methodology is unrepeatable due to the lack of the
experimental conditions related to the spray drying step.

Figure 2.6 Illustration of the preparation process and the microscale structure of triple carbon
coated LiFePO4 composite.[6]

Doped graphene oxide sheets (GO) achieve superior battery performance, with respect to
traditional graphene (anode). In this process researchers spray dry GO and doping salts
together and provide some information regarding the drying mechanism but the main aspects
— surface area vs. drying rate or temperature, particle density — remain undisclosed.[69]
Exfoliated graphene flakes (EG) were synthesized, imparting superior properties with respect
to a commercial grade LFP/C (25 % better capacity vs. commercial grade LFP/C).[70] This
technology can be applied to our situation since we want to impart electrical conductivity
to a pre-synthesized LFP and the EG nano-sheets can effectively coat our primary particles.
However, spray drying remains a poorly reported step in literature. The authors prepare a
novel formulation for carbon coating the LFP, spray dry it and test the assembled battery
performance.[71] They use chemicals to reduce the graphene particle size (to undisclosed
size). Due to the lack of spray drying informations and methodology, it is unknown whether
the battery performance can be attributed to the novel formulation or drying conditions. It
is relevant to experiment whenever is possible to grind the graphene along with LFP during
the wet ball milling, spray dry it and test the material properties. This would eliminate the
pyrolysis step during manufacture, to limit costs and particle sintering. The PSD of spray
dried LiFePO4 increases during the pyrolysis step for the carbon coating, as the particles
sinter together. An increase in the carbon content limits the sinter growth. An excess of
carbon limits the Li+ diffusion, blocks the pores and lowers the amount of LFP in the battery.
Pyrolysis at 600 ◦C for 10 h with a 4 % remaining carbon, optimizes the battery capacity.[72]
Another methodology to limit particle sintering is to increase the porosity. Mesoporosity
increases surface area for Li+ intercalation, but macroporosity wastes space as it creates a
low density particle. Hollow morphology is a result of too rapid drying rates[73] as a result,
Li+ takes more time to diffuse.[74] With an hollow structure the material loses 20 % of the
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capacity by increasing the discharge current C-rate from 0.2C to 1C. Commercial batteries
have 5 % loss.

Cycling stability is also known to be dependent on the synthesis conditions, and pouch-cells
batteries would demonstrate the material performance in more realistic conditions. In fact,
there are several mechanisms related to capacity loss of coin-cells batteries over cycling,
including loss of Li due to side reactions, dendrite formation,[75] materials dissolution,[14]
acidic side reactions,[76] and losing active materials due to particle cracking.[77, 78] In order
to conclude which ones are involved, further post-mortem characterization would be neces-
sary. A pouch-cell tests more active material (grams) and is assembled in a machine, with
a standardized procedure; pouch-cells are also one of the main standards in industry for
cell-pack assembly.

2.4 Surfactant

Nanoparticle suspensions tend to agglomerate and sediment overtime. To counteract this
phenomena, a surfactant stabilizes the system, coating each solid particle at the interface.
The resulting dipole moment polarizes the surface with the same charge and repels each
particle by electrostatic repulsion.[79] The choice of surfactant is particularly important at
the micronization stage, in fact a suitable formulation has been developed using 0.8 % Tween-
20 R©.[15] During the atomization stage in spray drying, the surfactant reduces the surface
tension of water, creating smaller droplets.

2.5 Nozzles

All Li-ion batteries are built using the thin-film application: the gap between the electrodes
is generally 200 µm to 400 µm.[80] The thickness of the cathode is 60 µm.[81] This aspect de-
mands the formulation of a dried particle as small as possible, to maximize packing efficiency.

2.5.1 Pressure jet

The jet forms from a single fluid nozzle where the suspension is heavily compressed and forced
through a tiny orifice. The difference in pressure sets the liquid in motion at high speed,
while the impact with the surrounding air, breaks the jet into finer and finer droplets.[82]
Although it is the least expensive to operate (by eliminating the need of compressed air for
atomization), it requires a huge pressure to achieve a fine droplet atomization (1000 bar for
a 20 µm droplet). Therefore, this nozzle is impractical for laboratory use, but is best suited
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for commercial operation, especially for our shear thinning LFP suspension where viscosity
drops to 11 mPa s (water-like).

2.5.2 Dual fluid

The liquid is slightly compressed (<2 bar), to overcome the pressure drop inside the nozzle and
pass through an orifice, exiting at <1 m s−1. From an outer adjacent annulus, compressed
atomizing air leaves the tip of the nozzle at 1 bar and 300 m s−1, entraining the liquid jet
and nebulizing it with a turbulent fluid dynamic.[82] This versatile airblast, external mixing
atomizer achieves a wide distribution of droplet sizes ranging from 10 µm to 1000 µm by
changing the atomization pressure. Higher pressure speeds-up the gas, imparting more kinetic
energy blasting the liquid stream and shattering it into smaller droplets.

2.5.3 Effervescent

This has the same design as a dual fluid nozzle, but mixing happens in an internal chamber.
As the liquid flows in the nozzle chamber, it is filled with tiny bubbles under pressure. As
both fluids leave the chamber through an orifice, the pressure drop expands the gas bubbles,
nebulizing the continuous phase. Compared to the dual fluid nozzle, it can achieve the same
performance for small droplet atomization but using less atomizing air — less compression
gas costs — (ALR Air to Liquid mass Ratio for a 10 µm droplet with an effervescent nozzle
is 0.5 and 3 with a dual fluid nozzle).[83]

2.5.4 Ultrasound

It is a single fluid nozzle where the tip is coupled with a sonicator. A Lecher GmbH atomizer
that operates at 50 kHz to 70 kHz and atomizes up to 50 mL min−1 of water creates 20 µm to
100 µm droplets. Macroscopically there are no atomization benefits with respect to a simpler
and less expensive design. Moreover, this nozzle cannot be exposed to a hot environment,
thus limiting its application. We already demonstrated that high drying temperature deag-
glomerates the primary particle in the suspension and leave a dried material more porous
with more surface area (Chapter 4). We hypothesize that an ultrasound device can achieve
the same effect at lower drying temperatures. But this is at the expense of the drying process
efficiency.
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2.5.5 Rotary atomizers

A rotor spins a hollow disk where the suspension passes through. The centrifugal force sets
the fluid in motion radially. It is a mechanical device, and breakdown and clogging renders
this device unsuitable. Especially, nozzle clogging at the laboratory scale is a serious concern
and cleaning these devices is time consuming. Lastly, radial atomization is incompatible with
a tall cone-shaped spray dryer chamber: the radial mean free path is much lower than the
axial used by pressure/dual fluid nozzles.
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CHAPTER 3 METHODOLOGY

3.1 Laboratory and pilot spray dryers

The Yamato GB-22 laboratory-scale spray dryer consists of a 12 cm I.D. by 58 cm tall glass
drying chamber. Drying air and atomizing air are preheated at 50 ◦C to 200 ◦C and flow at
0.45 m3 min−1, contacting the liquid spray co-currently from top to bottom. It possesses a set
of stainless steel two-fluid nozzles (Table 4.1), 0.406 mm to 1.530 mm inner diameter for the
slurry and 1.626 mm to 3.060 mm outer annulus for the atomizing air, capable of achieving
different droplet size distributions.

Table 3.1 Two-fluid, external mixing, air blast atomizer, with bores in µm and a non-
protruding tip.

α β
γα β γ

Nozzle bore: n1 n1A n2 n2A n3 n3A n4
α 406 406 508 508 711 711 1530
β 1270 1270 1270 1270 1270 1270 2550
γ 1626 1778 1626 1778 1626 1778 3060

A peristaltic-pump feeds the slurry at 5 mL min−1 to 15 mL min−1, while a pressure regulator
from 0.2 bar to 1.5 bar sets the gas velocity for the atomizing air, leaving the nozzle and
nebulizing the liquid (after calibration using a rotameter and data regression). The feed
slurry is gently stirred at 2 Hz at room temperature, mixing the suspension while avoiding air
incorporation. Finally a cyclone separates the dried powders from the gas stream. Assuming
Stokes law regime for a single 1600 kg m−3 dense particle, the cyclone has a cut diameter
of 2.7 µm at 50 % separation efficiency. We start feeding material after reaching 30 min of
steady state conditions with water.

We spray dried the feed material with a GEA Niro Mobile MinorTM-PSR pilot-scale spray
dryer, with an internal chamber diameter of 0.8 m and 0.8 m chamber height, a 60◦ cone
shapes the bottom of the chamber (Fig. 5.1). A 11 kW electrical coil heated 90 kg h−1 of
drying air at 350(2) ◦C (confidence interval), which flowed co-currently with the spray, leaving
the bottom of the chamber at 125(2) ◦C. We chose a two-fluid nozzle, with 0.7 mm I.D. for
the liquid and an annulus of 3.1 mm I.D. and 5.0 mm O.D. for the atomizing air, based on
laboratory-scale tests of flowability of LFP suspensions through a bore restriction.[7, 84]
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Figure 3.1 Schematic of the Yamato GB-22 spray dryer, co-current mode.

Compressed air at 0.25 MPa to 0.40 MPa fed the nozzle while a peristaltic pump fed the
suspension at flow rates between 130 mL min−1 to 180 mL min−1, creating a fine mist. A
cyclone separated the resulting powder, with a 50 % cut-off efficiency for 0.7 µm, 1600 kg m−3

secondary particles. Before feeding the suspension, we reached thermal steady state with an
equivalent volumetric flow of water (up to 90 mL min−1) during 2 h.

Exhaust

Hot air 

Atomization air

Slurry

Pump

Cyclone

TI

TI

Product Vessel
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Figure 3.2 GEA Mobile minor spray dryer setup.
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3.2 Experimental - laboratory-scale

3.2.1 Micronization

A jaw crusher (Fritzsch Pulverisette, model 1, Type II) pulverized 20 cm LFP ingots, from a
melt synthesis process,[14] to less than 1 mm.[15] Subsequently a roller grinder (MPE Chicago
6F, granulizer) with a 50 µm gap reduced the particle size to 25 µm. Finally, a wet media mill
(NETZSCH, Minifer) ground the powder to a water suspension of 200 nm median particle
size distribution (Figure 4.2). The wet milling chamber was filled to 80 % of the design
capacity (60 % of chamber volume capacity) with yttria-stabilized zirconia beads ranging
from 0.3 mm to 0.4 mm. We fed the instrument with 292 mL of water, along with Tween-20
surfactant (0.8 % mass/mass of LFP) to increase the stability of the suspension.[85] We slowly
poured LFP powder to reach the desired mass fraction: 6 % up to 60 % (mass of LFP/mass
of suspension). The grinding chamber rotated at 60 Hz and a pump recirculated the mixture
at 360 mL min−1. Within 30 min of milling, the primary particle size distribution median
reached 200 nm.[86]

Figure 3.3 Typical particle size distribution and model fit for the feed material.

3.2.2 Spray Drying

To avoid nanoparticle agglomeration, we hand-shaked the feed material and used an ultra-
sound probe VCX500 (Sonics & Materials, Inc.) for 3 min to disperse the material.[87] We
spray dried the suspension with a Yamato GB-22 laboratory-scale spray dryer, with a 0.12 m
internal diameter by 0.58 m tall glass chamber (Figure 4.3). An electrical coil heated both at-
omizing and drying air from 50 ◦C to 200 ◦C, while an internal flowmeter regulated the drying
air to 0.45 m3 min−1. The air and suspension were fed co-currently, from top to bottom. We
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tested seven stainless steel two-fluid nozzles (Table 4.1) ranging from 0.406 mm to 1.530 mm
inner diameter for the liquid and 1.626 mm to 3.060 mm outer annulus for the atomizing air.
Pressure, air and liquid flow, drying air temperature and nozzle geometry affects the resulting
spray nebulization.[88] A peristaltic pump fed the suspension at flow rates of 5 mL min−1 to
15 mL min−1. A pressure regulator from 0.02 MPa to 0.15 MPa ensured that the atomizing
air dispersed the suspension into a fine mist. We calibrated the pressure to the atomizing
airflow with a rotameter and regressed the data to calculate the gas velocity. A magnetic
stirrer maintained the solid suspended in a 250 mL flask at ambient temperature. A cyclone
separated the powder from the gas stream leaving the drying chamber: assuming Stokes law
regime, the cyclone’s cut diameter is 2.7 µm at 50 % separation efficiency for a 1600 kg m−3

particle density. Feeding the suspension began 30 min after reaching thermal steady state
with an equivalent volumetric flow of water.[7]

Figure 3.4 Yamato GB-22 spray dryer, co-current mode.[7]

3.3 Experimental - pilot-scale

3.3.1 Nanoparticle suspension preparation

An induction furnace at 1100 ◦C melted and synthesized LiFePO4 in a graphite crucible.
Starting from: LiH2PO4, P2O5, Li2CO3 and iron ore concentrate (>99 % Fe2O3 with SiO2

impurity) with a Li/Fe/P: 1.03/1/1.03 stoichiometry.[14, 89, 90] The batch we used derived
from a re-melt synthesis of previous runs, casting 50 kg of LFP into 200 mm ingots.[91] LFP
is the dry solid fraction of our feed material, comprised of 97.8 % LiFePO4 and 2.2 % γ-



24

Li3PO4 (±0.4 % CI95 %
n=6 , by AAS and XRD; CI95 %

n=i : 95 % confidence interval estimate, with
a two-tail t-test for a sample number n). A Pulverisette 1 model II, Fritzch jaw crusher
ground the ingots to 1 mm to 3 mm gravel, processing 13 kg h−1 of material. A roller grinder
(MPE 6F granulizer, Chicago) further reduced the particle size distribution (PSD) to dv,50 of
27 µm and dv,99 of 200 µm; treating 2 kg h−1 of material at 10 % feeding rate. A wet media mill
(NETZSCH - LMZ 4) ground the powder, equipped with a 0.1 mm mesh filter and loaded with
3.2 L of 0.68 mm yttria-stabilized zirconia beads, which filled 75 % of the total volume of the
grinding chamber. Pilot and commercial grinding chambers are made of ceramic rather than
stainless steel to minimize iron contamination. We filled the apparatus with 25 L of deionized
water and we loaded 25 kg of LFP, with a 0.008 mass ratio of Tween-20 surfactant, in the
mixing tank. We scaled-up the process using our previous laboratory practice,[15] and we
added LFP progressively at a rate slow enough to avoid plugging the mesh filters (20 kg h−1).
A cooling system pumped water at 15 ◦C around the grinding chamber and mixing tank (ESI
Fig. 1S).† We sampled the slurry at the outlet of the grinding chamber every 15 min and
immediately analyzed by laser scattering to avoid agglomeration. We operated the wet media
mill until the PSD median reached 200 nm.

3.3.2 Spray drying

Despite the Tween-20 surfactant, the suspended primary particles tend to settle when stored
for weeks. A mechanical mixer homogenized the slurry periodically and an aliquot of ma-
terial was weighed and ultrasonicated for 15 min before each experiment to de-agglomerate
the nanoparticles.[87] For standard feed materials, we added binders (lactose, polyvinyl al-
cohol solution or colloidal silica, 1 % to 7 %) and mechanically stirred the suspension for
an additional 15 min. For ultrasonicated slurries (US), we added the binders while stirring
and ultrasonicating for 15 min. We spray dried the feed material with a GEA Niro Mobile
MinorTM-PSR pilot-scale spray dryer (0.8 m I.D. x 0.6 m height / 60◦ cone chamber Fig. 5.1).
A 11 kW electrical coil heated 90 kg h−1 of drying air at 350(2) ◦C, which flowed co-currently
with the spray, leaving the bottom of the chamber at 125(2) ◦C. We chose a two-fluid nozzle,
with 0.7 mm I.D. for the liquid and 3.1 mm I.D. 5.0 mm O.D. for the atomizing air, based
on laboratory-scale tests of flowability of LFP suspensions through a bore restriction.[7, 84]
Compressed air at 0.25 MPa to 0.40 MPa fed the nozzle while a peristaltic pump fed the
suspension at flow rates between 130 mL min−1 to 180 mL min−1, creating a fine mist. A
cyclone separated the resulting powder, with a 50 % cut-off efficiency for 0.7 µm, 1600 kg m−3

secondary particles. Before feeding the suspension, we reached thermal steady state with an
equivalent volumetric flow of water (up to 90 mL min−1) during 2 h.
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3.3.3 Calcination and electrochemical tests

We loaded 2 g of spray dried powder into an alumina crucible, and inserted it in a tube
furnace flushed with a N2 atmosphere. We let the powder outgas at 100 ◦C for 2 h and we
increased the temperature to 700 ◦C for 2 h to calcine the material. The electrode of carbon
coated LFP was prepared by mixing the pyrolyzed active material (LiFePO4/C, 500 mg), with
carbon black C65 as conductive additive, and polyvinylidene fluoride (PVDF) at a weight
ratio of 84:9:7 in N-methyl-2-pyrrolidone (NMP) solvent. The mixture was then shaked in
a Turbula 3D mixer for 20 min, and homogenized in a tube roller overnight with 5 mm by
6 mm cylindrical beads. The uniform slurry was spread onto a piece of aluminum foil current
collector using the doctor blade technique. The electrode dried in a vacuum oven at 80 ◦C
overnight. Disc-shaped electrodes with a loading of 1.8(1) mg cm−2, and a thickness of 24 µm,
were cut and assembled in coin cells (2032) in an argon filled glove box. A lithium metal
foil was used as the negative electrode, LiFePO4/C as positive one, Celgard 2400 as the
separator, and 1 M LiPF6 in ethylene carbonate-dimethyl carbonate (weight ratio of 1:2)
solvent as the electrolyte. The electrochemical tests were performed on the cells at 30 ◦C on
a Arbin BT2000 electrochemical station with cut-off voltages of 2.2 V and 4.0 V vs Li+/Li
at 0.1C-rate for galvanostatic cycling and at different current rates for power performance
determination.

Given the lengthy process of calcination, battery assembly and testing (a single electrochem-
ical test could take up to several weeks, for example 10 cycles at 0.1C last 1 week) we were
allotted a limited number of slots for testing, thus limiting the amount of factors to to test
and repetitions.

3.3.4 Reagents and Characterization

D(+)-lactose monohydrate (>98 % Sigma-Aldrich). LUDOX R© SM colloidal silica (30 %
suspension in water, Sigma-Aldrich). Polyvinyl alcohol (PVA) with a weight average Mw
146,000-186,000 g mol−1 was purchased from Sigma-Aldrich, and dissolved in boiling deionised
water forming a 5 % solution. An X-ray diffractometer (XRD, BRUKER D8) recorded the
diffractogram of the spray dried powder in a stepwise scan of the gonio axis (10◦ to 80◦

2θ, 0.02◦ stepwise), with a copper anode at 40 kV and 40 mA. The HighScore Plus soft-
ware stripped the K-Alpha sidebands and refined the spectra using the Crystallography
Open Database (COD) database: LiFePO4 orthorhombic Pnma, ref. 96-400-1849; Li3PO4

orthorhombic Pnma, ref. 96-901-2822, and JCPDS card: LiFePO4 01-070-6684; Li3PO4

00-015-0760. We solubilized 20 mg of spray dried powder in 5 mL of 6 mol L−1 HCl (HPLC
grade). Once completely dissolved, we diluted the solution in 1 L of deionized water (reaching
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pH 1.5). An atomic absorption spectrometer (AAS, PerkinElmer AAnalyst 200) measured
the absolute concentration of Li+ and Fe3+ in the solution (wt/vol), using the manufacturer
procedure (N0225001 Rev.C). A laser diffractometer (LA-950 Horiba) measured the PSD,
from 30 nm to 3 mm, using the Mie algorithm, reporting the volume moment mean diameter
(DeBroukere mean) D4,3, and one standard deviation as the square root of the variance in
the distribution:

D4,3 =
∑
d4
i ·Ni∑
d3
i ·Ni

(3.1)

where Ni is the number of particles with the corresponding diameter di. Ultrasonication and
stirring dispersed the slurry in water, while only stirring dispersed the spray dried powders
during analysis. A refractive index of 1.68 + 0.1i for LFP and 1.333 for water minimized
below 0.1 the R and Chi fitting scores.[86] We measured the tapped density ρt, following the
ASTM B527 procedure, by pouring the powder in a graduated volumetric cylinder and hand-
tapping until no further variation of volume could be observed. A field emission scanning
electron microscope (SEM, FE-SEM-JEOL JSM-7600F) equipped with an energy dispersive
X-ray detector (EDS) acquired the images of the powder at 2 kV with the SEI detector.
A transmission electron microscope (TEM, JEOL JEM-2100F) recorded the images of the
pyrolyzed material at 200 kV in bright field imaging mode. A CS elemental analyzer (LECO
CS744) measured the elemental carbon weight fractions in our powders, after spray drying
and after pyrolysis. The value has been corrected in terms of dried material (wtC/wtLFP %)
without the residual moisture. A Quantachrome Autosorb-1 measured the N2 physisorption
isotherms at 77 K. The powder was degassed at 200 ◦C, under vacuum, for 12 h and weighed
with an Entris224-1S balance (±0.2 mg). We regressed the total specific surface area (SSA),
over the best linear range, with the Brunauer-Emmett-Teller (BET) equation (P/P0: 0.07-
0.20, C constant 60-200). The Barrett-Joyner-Hallender (BJH) method estimates the pore
size distribution for the mesoporous material (desorption branch, P/P0: 0.2-0.995, excluding
the cavitation-induced artifact at P/P0: 0.45, 4 nm). As comparison, the NLDFT method
for siliceous materials with cylindrical pores, calculates the pore size distribution including
the micropore region for the spray dried powders (P/P0: 0-0.98 equilibrium adsorption-
desorption). While pyrolyzed powders that have a carbon coat, use the NLDFT kernel for
carbonaceous materials with cylindrical pores (same, up to 0.95).[92] The V − t method
regress the specific surface area, characteristic pore size and volume for the microporous
fraction over the best linear range (DeBoer thickness). The total pore volume is evaluated
at P/P0: 0.995, which accounts for pores smaller than 300 nm in diameter.[8] The intra-
primary-particle void fraction (porosity ϕ, %) was calculated from the skeletal density of the
material (LFP: ρsk = 3.57 g cm−3) and the measured pore volume (PV , cm3 g−1) (Eq. 5.2).
While the apparent particle density ρp, g cm−3 with Eq. 5.3.
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ϕ = PV

PV + 1
ρsk

(3.2)

ρp = ρsk

1 + PV ρsk
(3.3)

A HAAKETM ViscotesterTM iQ Air rheometer (Thermo ScientificTM) equipped with a CC27
coaxial cylinder double gap geometry (3.00(5) mL volume) and an external water/glycol
temperature controller (polystat R© Cole-Parmer R© −10.0(1) ◦C to 80.0(1) ◦C) recorded the
apparent viscosity of the LFP suspensions while increasing and decreasing stepwise the shear
rate (50 s−1 to 4000 s−1 range, after pre-shearing at 10 s−1 for 3 min). A VCX 500, Sonics &
Materials, Inc. powered a 20 mm diameter ultrasonic horn at 500 W, resonating at 20 kHz
and 40 % amplitude. The horn was immersed half-way in a magnetically stirred beaker, and
the actual power delivered to a 0.6 L suspension was 40 W L−1, calibrated with a calorimetric
procedure.[93] An X-ray photoelectron spectrometer (XPS, VG ESCALAB 3 MkII) analyzed
the carbon coating of our LFP powders.[8] A Mg Kα source at 15 kV gathered the spectra over
a <10 nm material thickness, reporting carbon and oxygen bonding information. We acquired
the Raman spectra on 3 different spots per sample, with a Renishaw inVia Microscope, a 50x
objective lens, 30 s exposure time, 600 lines mm−1 optical grating, giving a spectral resolution
of 3 cm−1. The 514.5 nm laser was reduced in power (to 10 %, 2.5 mW) to avoid damaging
the carbon coat and irradiated the powder in a 7 µm2 area.
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CHAPTER 4 ARTICLE 1 - INFLUENCE OF ATOMIZATION
CONDITIONS ON SPRAY DRYING LITHIUM IRON PHOSPHATE

NANOPARTICLE SUSPENSIONS

Marco G. Rigamonti,a Yu-Xiang Song,a He Li,a Nooshin Saadatkhah,a Pierre Sauriol,a Gre-
gory S. Patiencea

Published in 2018, in the Canadian Journal of Chemical Engineering.[84]

4.1 Abstract

Removing solvents from nanoparticle solid suspensions requires the same diligence as drying
pharmaceutical ingredients. LiFePO4 nanoparticles suspension in water oxidize, sinter and
Li3PO4 segregates on the surface when they dry in a furnace. Spray drying preserves the
material properties because contact times are on the orders of seconds; furthermore, the
atomized droplets ensure particles are small (5 µm to 20 µm) and dispersed. A Yamato
GA-32 (120 mm inner diameter) spray dried in co-current flow a nanoparticle suspension of
LiFePO4 in water, with a solid content up to 60 %. Atomization gas velocities of 140 m s−1

to 350 m s−1 agglomerated the nanomaterial into spherical particles that ranged from 3 µm
to 10 µm. The particle diameters ranged from 10 µm to 20 µm at atomization velocities
of 50 m s−1 to 140 m s−1. At this condition, yield was lower because the semi-dried particles
adhere on the wall. At (150 ◦C to 200 ◦C) the surface area reached 26 m2 g−1 while from (50 ◦C
to 100 ◦C) it varied from 14 m2 g−1 to 20 m2 g−1. The trend for mesoporosity versus spray
drying temperature is the same as for surface area: pore volumes are higher (0.18 cm3 g−1)
above 200 ◦C and 20 % lower below 200 ◦C. Drying temperature modifies drying speed; low
temperatures compact the powders more than high temperature which results in lower surface
area and porosity.

4.2 Introduction

Li-ion batteries (LIB) dominate the market for portable electronic devices, power tools and
automotives. Even though the fire hazard for LiCoO2 is greater than for LiFePO4, its capacity
is higher—273 mA h g−1 versus 170 mA h g−1 (theoretical)—so it is the material of choice for

a Department of Chemical Engineering, Polytechnique Montréal, C.P. 6079, Succ. CV Montréal, H3C
3A7, Québec, Canada.
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car batteries. Nickel metal hydride (NiMH) batteries monopolize hybrid electric vehicles
(HEV) with marginal incursion of LIB in high-end HEVs. The cathode material is the most
expensive LIB component[94] at 60 $/kWh and it also dictates overall battery performance
(voltage, capacity, power, energy, cyclability, safety). LiFePO4 (LFP) cathodes offer a good
compromise between price and performance.[40] It delivers near its theoretical capacity,[95,
96, 97] while its low cell voltage (3.0 V to 3.3 V vs. graphitic anodes) limits side reactions with
the electrolyte.[19] Oxide-based metal cathode materials (and their delithiated counterparts)
release O2 above 150 ◦C unlike LFP, which releases O2 above 700 ◦C.[28] Commercial LFP
batteries do not exceed 55 ◦C while discharging at 2.5C-rate.[27] Consequently, LFP batteries
are intrinsically safer than LiCoO2 or LiMnO2. However, lithium ion diffusivity through the
olivine crystal matrix of LFP is low compared to the more open structures of LiMnO2,
LiCoO2 and TiS2 varying from 10−11 m2 s−1 to 10−18 m2 s−1.[41] Olivine LiFePO4 confines
Li+ through a tunnel-like structure, this nearly close-packed hexagonal array of oxide centers
provides little free volume for Li+ to diffuse. The layered structure in LiCoO2 and TiS2 is
more open and let Li+ migrate bidimensionally (Figure 4.1).

Figure 4.1 Crystal structures that intercalate lithium ion.[1]

These shortcomings are commonly addressed by micronizing LFP powders to the submicron
and nanoparticle range[42] and coating it with an electron-conductive carbon layer to improve
LFP’s low electrical conductivity (10−7 Ω−1 m−1).[43, 1] Li+ diffusivity increases by six orders
of magnitude by reducing the particle size from micron to nanosize, while maintaining a
mesoporous structure: both specific power and cyclability improve.[40] Lithium ion diffuses
through the olivine crystal structure of LiFePO4 to the electrolyte medium faster when the
specific surface area of the material is increased.

Processes to produce LFP materials include: melt synthesis followed by comminution and
wet media milling; sol-gel process; electrochemical synthesis; solution co-precipitation; hy-
drothermal synthesis; and flame-spray pyrolysis.[44] All these methods involve processing
solvent, with solid mass fractions ranging from 10 % to 70 %. Drying is a critical step and
controlling the temperature during the process is crucial to maintain the desired material
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morphology.[45] Removing water in furnaces changes the morphology, the crystal structure,
oxidizes the surface in the presence of air and Li3PO4 segregates on the surface of the nanopar-
ticle, reducing LFP’s energy density.[98] Furnace process also sinter the nanoparticles into
chunks, losing the ability to control the secondary particle size and introducing an additional
grinding step afterwards.[99] Drying in fluidized beds is a discontinuous process divided in
several drying and comminution steps, each lasting 10 min to 60 min: as the powder dries,
it agglomerates. The resulting granules need to be reduced in size between each step to
be able to control the residual moisture of the final material.[47] Spouted bed dryers have
10 to 15 times the drying rate of a conventional spray dryer but only fluidize big particles
(>200 µm).[48] Plasma-spraying is a novel technology for delivering nanometric (<30 nm)
dried particles.[49] But the cost for this technology discourage any industrial scale up for
LFP, as well as unclear if it is possible to maintain the olivine crystal structure during the
plasma process. Spray drying is a robust technology used in the pharmaceutical, food and
catalyst industries to dry solutions or suspensions economically and quickly (0.1 s to 60 s) at
low temperatures (60 ◦C to 200 ◦C), preventing degradation and achieving a fine granule size
(2 µm to 300 µm). A dual-fluid nozzle atomizes a feed solution or suspension at pressures of
0.015 MPa to 0.2 MPa. A stream of hot air flows co- or counter-currently in respect to the
liquid; the solvent (water in most cases) evaporates while the particles shrink. Droplets less
than 10 µm dry within a few milliseconds.[61] We investigate whether spray drying preserves
the optimal primary particle size distribution (200 nm),[16] and agglomerates this material in
a mesoporous 10 µm secondary particle, which allow Li+ diffusivity in the battery and limit
the material’s degradation during drying.[98] We also provide a laboratory scale correlation
for surface area and powder characteristics with respect to spray drying conditions, assessing
preliminary boundaries for future scale-up.

4.3 Experimental

4.3.1 Micronization

A jaw crusher (Fritzsch Pulverisette, model 1, Type II) pulverized 20 cm LFP ingots, from a
melt synthesis process,[14] to less than 1 mm.[15] Subsequently a roller grinder (MPE Chicago
6F, granulizer) with a 50 µm gap reduced the particle size to 25 µm. Finally, a wet media mill
(NETZSCH, Minifer) ground the powder to a water suspension of 200 nm median particle
size distribution (Figure 4.2). The wet milling chamber was filled to 80 % of the design
capacity (60 % of chamber volume capacity) with yttria-stabilized zirconia beads ranging
from 0.3 mm to 0.4 mm. We fed the instrument with 292 mL of water, along with Tween-20
surfactant (0.8 % mass/mass of LFP) to increase the stability of the suspension.[85] We slowly
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poured LFP powder to reach the desired mass fraction: 6 % up to 60 % (mass of LFP/mass
of suspension). The grinding chamber rotated at 60 Hz and a pump recirculated the mixture
at 360 mL min−1. Within 30 min of milling, the primary particle size distribution median
reached 200 nm.[86]

Figure 4.2 Typical particle size distribution and model fit for the feed material.

4.3.2 Spray Drying

To avoid nanoparticle agglomeration, we hand-shaked the feed material and used an ultra-
sound probe VCX500 (Sonics & Materials, Inc.) for 3 min to disperse the material.[87] We
spray dried the suspension with a Yamato GB-22 laboratory-scale spray dryer, with a 0.12 m
internal diameter by 0.58 m tall glass chamber (Figure 4.3). An electrical coil heated both at-
omizing and drying air from 50 ◦C to 200 ◦C, while an internal flowmeter regulated the drying
air to 0.45 m3 min−1. The air and suspension were fed co-currently, from top to bottom. We
tested seven stainless steel two-fluid nozzles (Table 4.1) ranging from 0.406 mm to 1.530 mm
inner diameter for the liquid and 1.626 mm to 3.060 mm outer annulus for the atomizing air.
Pressure, air and liquid flow, drying air temperature and nozzle geometry affects the resulting
spray nebulization.[88] A peristaltic pump fed the suspension at flow rates of 5 mL min−1 to
15 mL min−1. A pressure regulator from 0.02 MPa to 0.15 MPa ensured that the atomizing
air dispersed the suspension into a fine mist. We calibrated the pressure to the atomizing
airflow with a rotameter and regressed the data to calculate the gas velocity. A magnetic
stirrer maintained the solid suspended in a 250 mL flask at ambient temperature. A cyclone
separated the powder from the gas stream leaving the drying chamber: assuming Stokes law
regime, the cyclone’s cut diameter is 2.7 µm at 50 % separation efficiency for a 1600 kg m−3

particle density. Feeding the suspension began 30 min after reaching thermal steady state
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with an equivalent volumetric flow of water.[7]

Figure 4.3 Yamato GB-22 spray dryer, co-current mode.[7]

Table 4.1 Two-fluid, external mixing, air blast atomizers; bores in µm; when assembled the
tip is non-protruding.

α β
γα β γ

Nozzle bore: n1 n1A n2 n2A n3 n3A n4
α 406 406 508 508 711 711 1530
β 1270 1270 1270 1270 1270 1270 2550
γ 1626 1778 1626 1778 1626 1778 3060

4.3.3 Material Characterization

A Scott volumeter measured the bulk density of the spray dried powder, with and without
tapping, reporting the Hausner ratio. We calculated the suspension density ρmix from the
liquid densities of water and the surfactant, the theoretical skeletal density of LFP[100]
(3570 kg m−3) and the mass fraction xi for each component i.

ρmix =
(

n∑
i=1

xi
ρi

)−1

(4.1)
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LFP suspensions are non-Newtonian shear thinning fluids.[101] The apparent viscosity mea-
sured with a rotational rheometer (Physica, MCR 501) at a solid mass fraction of 30 % with
0.8 % surfactant changed with the shear rate. It was 22 mPa s at a shear rate representative
of the suspension feeding tube, while it decreased below 11 mPa s at the shear rates found at
the tip of the atomization nozzle.[15]

An optical contact angle instrument (Dataphysics, OCA 15EC) measured the suspension’s
surface tension using the pendant drop method. Our measurements (33 mN m−1 to 40 mN m−1)
agree with the literature (36 mN m−1).[102] The surface tension is unaffected by submicron
particles.[103]

An LA-950 Horiba laser diffractometer measured the particle size distribution (PSD), us-
ing the Mie algorithm, after dispersing our suspension in water with an ultrasound probe,
reporting the volume moment mean diameter D4,3 for the primary particles:

D4,3 =
∑
d4
i ·Ni∑
d3
i ·Ni

(4.2)

where Ni is the number of particles with the corresponding diameter di. For the dried
secondary particles an internal mixer dispersed the material in water. The PSD analysis takes
one minute to equilibrate to steady state: the product does not agglomerate/deagglomerate
during a 10 min test. The Mie theory applies for both the primary and the spray dried
spherical particles, with a refractive index for LFP of 1.68 + 0.1i, and for water of 1.333 (R
and Chi parameter below 0.1).[104, 105]

A field emission scanning electron microscope (FE-SEM-JEOL JSM-7600F) acquired the
images of the powder at 2 kV and confirmed the particle size distribution from the LA-950
diffractometer.

An X-ray diffractometer (Philips X’PERT) generated the diffractogram of the dried powder to
determine if the spray drying conditions oxidized the LFP (forming Fe2O3 and Li3Fe2(PO4)3).

A Quantachrome Autosorb-1 measured the N2 physisorption at 77 K on a dried, degassed
sample. Orr and Dallevalle[106] proposed a general formula to estimate the time θ (in hours)
required to degas a sample at a given temperature T (in ◦C) under vacuum.

θ = 1.44× 105T−1.77 (4.3)

200 ◦C requires 12 h. The weight change on the degassed sample estimated the residual water
content of the spray dried powder. The Barrett-Joyner-Hallender (BJH) theory estimates
the pore size distribution (adsorption branch, P/P0 0.15-0.995); the total pore volume is
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evaluated at P/P0 0.98; and the Brunauer-Emmett-Teller (BET) theory estimates the specific
surface area (P/P0 0.05-0.25, C constant 60-80).

A Quantachrome Poremaster PM 33-12 mercury porosimeter generated the intrusion and
extrusion curves, over a dried degassed sample, up to 228 MPa. This consent to measure
down to a 6 nm cylindrical pore, using the Washburn equation (mercury surface tension
0.480 N m−1 with 140◦ contact angle). The penetrometer constant was calibrated the same
month with a 0.5 cm3 cell stem.

4.4 Results and discussion

During atomization, the relative velocity between the atomizing air and the droplet set the
droplet surface in motion. This momentum transfer within the globule creates a toroidal
recirculation of suspended LFP nanoparticles (µ = 11 mPa s viscosity). Surface tension also
contributes to this effect, because it increases with lower liquid temperatures (located on
the drop impact section with air). This cause a hydrodynamic effect on the droplet surface,
enhanced by the presence of the surfactant.[107] As the toroidal droplet dries, the slurry
assembly shrinks and forms a semi-spherical doughnut-shaped secondary particle (Figure
4.4).[108]

Figure 4.4 Semi-spherical secondary particles. The image shows both doughnut shape and
spherical particles but all of the particles are toroidal. Close-up: When holes face the SEM
detector, the doughnut-shape morphology is evident.

When the atomization and drying conditions are poor (atomizing gas velocity <140 m s−1,
inlet temperature <100 ◦C), droplets coat the internal walls of the spray dryer. They form
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agglomerates, which detach as chunks that collect with the powder (Figure 4.5). Air in
the spray dryer oxidizes the wall build-up because of the longer residence time and high
temperature, which is detrimental to the powders’ electrochemical properties.

Figure 4.5 Poor atomization conditions creates semi-spherical and fragmented material. The
lack of carbon coating makes the non electrically conductive LFP surface look glassy.

4.4.1 Powder Formation

Atomization and drying define the powder formation mechanics. Air atomizes the slurry and
blasts the fluid through the nozzle at 50 m s−1 to 330 m s−1. The pump contribution to the
initial liquid velocity is negligible (<2 m s−1). The kinetic energy of the air shatters the liquid
jet into filaments that then form droplets. The turbulent nature of the atomization process
and velocity gradient inside the jet creates a distribution of filament dimensions and thus
droplet sizes that dry to give the final particle size distribution (Figure 4.6).

For gas velocities less than 140 m s−1, the droplet size are too large to dry in the chamber
and thus coat the internal walls. Smaller particles follow the air streamlines more closely
than larger particles because of their lower momentum and so yield of these are higher.
The resulting PSD is still monomodal but reflects an atomization condition in which only
the smaller droplets dry. For example, drying fails when atomizing at 53 m s−1, with an
insufficient drying air temperature of 100 ◦C (Figure 4.7). For such small drying chamber,
the biggest particle mode obtainable without a binding agent[7] was 16 µm with a yield of
14 %. Increasing the atomization gas velocity allows more kinetic energy to break more liquid
surface and obtain smaller droplets. Higher inlet temperatures however, decrease the drying
gas density, forming bigger droplets.
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Figure 4.6 Tinlet 200 ◦C, atomization velocity 140 m s−1, nozzle n.4, mass fraction 0.32 g g−1

Figure 4.7 Nozzle n.4, same batch feed material, at a mass fraction of 0.32 g g−1 at different
inlet temperatures. The bars represent the PSD standard deviation.

4.4.2 Particle Size Distribution

Both the milled and spray dried materials D4,3 PSDs, exhibit nonsymmetrical distributions
(Figure 4.6).[109] We noticed also that all distributions become broader when spray drying
particles with a larger diameter: the ratio of the measured standard deviation to the particle
size distribution mode remains constant (const. = 0.4). The 2-parameters log-normal prob-
ability density function (α, β) and the Rosin-Rammler (Weibull) distribution (γ, δ) account
for >97 % of the variance in the data, R2.[82] While the three parameters skew normal dis-
tribution (ε, ζ, skew) correlates >99 %, R2 (Table 4.2).[110] A two parameters skew normal
distribution, (skew = 1.8) keeps R2 above 98 %.
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Table 4.2 Particle size distribution: (a) measured D4,3 arithmetic mean diameter x̄ and
standard deviation s, (b) log-normal, (c) Weibull and (d) skew normal distribution models,
regressed by minimization of the residual sum of squares over non-zero measured values.

(a) (b) (c) (d)
x̄, µm s, µm α β R2, % γ δ R2, % ε ζ skew R2, %

slurry 0.16 0.060 -1.6 0.37 98.3 3.5 0.21 97.3 0.18 0.075 1.9 99.1
1 8.6 4.1 2.4 0.43 97.7 3.0 12 99.0 9.3 5.2 1.9 99.9
2 15 6.6 2.9 0.36 96.8 3.6 20 98.5 16 7.7 1.5 99.7
3 7.7 3.5 2.3 0.44 98.2 3.1 10 97.5 7.5 4.5 1.5 99.2
4 7.4 3.3 2.2 0.42 98.5 3.1 9.9 98.1 7.9 4.1 2.0 99.7
5 6.5 2.9 2.1 0.42 98.9 3.1 8.7 97.8 7.0 3.5 2.1 99.6

4.4.3 Residual Moisture (Drying Efficiency)

Heat and mass transfer resistance in porous materials inhibit solvent evaporation rates.
Residual water, ∆H2O, increases with decreasing residence time and drying temperatures
The Yamato spray dryer was incapable of removing more than 99 % of the water from the
LFP and typically 1 % < ∆H2O < 10 % (Table 6.8). A power law model accounts for 88 %
of the variance in the ∆H2O, with β0 = 9500 and three factors: it is proportional to the
secondary particle mode (D′′

[4,3]m, µm) over the primary particle mode (D′

[4,3]m, µm), and
inversely proportional to the square of the inlet temperature (K) (Equation 4.4):

Table 4.3 BET surface area by nitrogen physisorption (±2 %), φ pore volume for pores smaller
than 92 nm, D′

[4,3]m, D
′′

[4,3]m primary and secondary particle mode, Tin, Tout inlet outlet drying
temperature, ω solid mass fraction, ug atomizing gas velocity, ∆H2O residual water (water
lost during degassing).

BET φ D
′

[4,3]m D
′′

[4,3]m Tin Tout ω ug ∆H2O

m2 g−1 cm3 g−1 nm µm ◦C ◦C wt./wt. m s−1 %
1 26.4 0.17 81 9.4 200 114 0.32 140 5.8
1r 26.2 0.17 81 9.4 200 114 0.32 140 5.8
2 23.3 0.17 81 16.3 200 118 0.32 55 8.9
3 22.7 0.15 81 8.2 150 89 0.32 140 4.9
4 22.4 0.15 81 7.2 100 58 0.32 140 6.6
5 21.8 0.14 81 6.3 50 36 0.32 140 6.4
5r 22.1 0.14 81 6.3 50 36 0.32 140 6.4
6 23.3 0.14 140 6.2 200 129 0.27 250 3.0
7 21.3 0.15 160 3.6 200 66 0.06 330 0.9
8 14.5 0.09 240 6.3 150 98 0.60 330 2.1

∆H2O = β0

T 2
in

D
′′

[4,3]m

D
′
[4,3]m

(4.4)

Higher temperatures increase the heat transfer from the hot air to the particle bulk, de-
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creasing the residual moisture for the same contact time. On the other hand, the ratio of
the mode of the secondary particle over the primary, represents the tortuosity of the pow-
der’s internal channels. Tortuosity increase the mass transfer resistance of steam leaving
the material. Large secondary particles dry slower, because in a sphere the surface to vol-
ume ratio decreases with the diameter (6/d). While the small primary particles increase the
sample specific surface area, i.e. the residence time that the steam molecules have to travel
throughout the porous material.

4.4.4 Yield

Yield is the ratio between the collected spray dried powder mass (including any remaining
water) and the mass of LFP in the feed slurry. Yields greater than 70 % indicate well
achieved spray drying conditions (Figure 4.8). It increases with atomizing gas velocities
above 150 m s−1 and drying temperatures above 150 ◦C. However, temperatures above 150 ◦C
in synergy with feed flow below 3 mL min−1 clog the nozzle, creating a solid crust on the tip.
This situation is more compelling for small bore nozzles (from n1 to n2A ) (Table 4.1). Solid
mass fraction does not affect the yield.

Figure 4.8 Data from different experimental conditions correlate with respect drying temper-
ature and atomization gas velocities.

4.4.5 Powder Bulk Density and Flowability

These fine LFP spray dried particles (mode <16 µm) are cohesive,[111] resulting in a loosely
compacted material with a bulk density much lower than the skeletal density. The Hausner
ratio was between 1.4 and 1.6 for all samples, indicating poor flowability,[112] invariant with
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respect to the drying conditions. The powder does not flow through a 10 mm bore hopper
unless vibrated. The bulk density of the powder increases with the solid suspension mass
fraction (ω, wt./wt.) and the secondary particle mode (D′′

[4,3]m, µm) (Figure 4.9). A high
water-content slurry increases the amount of steam leaving the drying particle, thus pushing
the primary particles away to create discharge channels for the leaving vapors. Also, smaller
secondary particles increase the cohesive force, allowing less powder to compact in the Scott
volumeter (Table 6.8). A two parameters model is proposed to describe this trend (Equation
4.5). The regressed bulk density ρB (kg m−3) accounts for 67 % of the variance in the data
(R2), when β0 = 450, β1 = 220. Atomization and drying conditions are insensitive.

ρB = β0 + β1ω
(
D

′′

[4,3]m

)0.33
(4.5)

Figure 4.9 Each column represents a different batch of milled material with respect solid
loading and primary particle size. Particle density is invariant, but secondary particle size
influences the flowability.

4.4.6 Mercury Porosimeter

We tested two samples that gave good yield (>70 %) and were dried at extreme temperatures
(200 ◦C and 100 ◦C). Since the volume intrusion curves for samples 2 and 5 were similar, a
third analysis was not justified (Figure 4.10). The first slope accounts for inter-particle
filling and plateaus at 300 nm. The second is the intra-particle filling, measuring down to
the instrument limit of 6 nm. The inter-particle porosity for samples 1 and 4 is 30 % and
32 %, this is consistent with the mathematical void fraction of packed spheres. Intra-particle
porosity adds an additional 30 % and 28 % to the total pore volume. Surface area is 21 m2 g−1
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and 20 m2 g−1, while intra-particle pore volume is 0.270 cm3 g−1 and 0.268 cm3 g−1, which is
mostly distributed between 10 nm to 150 nm, with a peak at 70 nm. Nitrogen physisorption
validates the same pore volumes for pores smaller than 330 nm, while the surface area is
slightly higher (26.4 m2 g−1 and 21.8 m2 g−1), meaning the presence of a meso and microporous
structure. Tortuosity (1.55) is the same for both samples, as well as the throat to pore ratio
(0.080). Permeability (accounting for tortuosity effect) is instead 0.026 nm2 and 0.032 nm2,
respectively. Interestingly, skeletal density at fill pressure is 2800 kg m−3 (sample 2) and
2500 kg m−3 (sample 5), while LFP material should be 3570 kg m−3. This discrepancy can
be attributed to the raw material preparation, or the presence of closed pores. Evaluating
the density at the beginning of the second slope, give a particle density of 1600 kg m−3 and
1500 kg m−3.

Figure 4.10 Mercury porosimeter curves for sample n. 2, on the abscissa, the calculated pore
diameter from pressure, using the Washburn equation, assuming cylindrical pores.

4.4.7 Nitrogen Physisorption

Nitrogen adsorption/desorption isotherms are similar for all the samples analyzed, with a
type II isotherm and an H1 hysteresis loop (Figure 4.11).[113]

Type H1 is often associated with porous materials consisting of well-defined cylindrical-like
pore channels or agglomerates of compacts of approximately uniform spheres.[114] The lack
of plateau over a range of high P/P0 indicates incomplete pore filling. In fact, the mercury
porosimeter analysis revealed the presence of a macroporous structure, while the nitrogen
physisorption can only measure micro and mesoporous materials.[115] BJH volume pore size
distribution over the adsorption branch shows two sharp peaks around 2 to 3 nm and 4 to
5 nm and one broad between 5 to 200 nm. The two sharp peaks are invariant, as part of
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Figure 4.11 Sample n.2 isotherms, STP at 0 ◦C and 101 kPa

a LFP’s morphological properties.[116] The broad peak decrease in intensity as the drying
temperature decreases (Figure 4.12), suggesting that higher drying temperatures increase
the drying rate, steam generation in the particle, channel formation and, therefore, the
mesoporosity of the material. This porosity change in respect with the time-temperature
history in the spray dryer is also found in other studies where spray drying the same material
in bigger drying chambers allowed to decrease the drying rate, therefore achieving a more
compact secondary particle with higher bulk density.[62] The specific surface area (SSA,
m2 g−1) increases linearly with the total pore volume (φ, cm3 g−1) for pores smaller than
92 nm (Table 6.8).

SSA = β0 + β1φ (4.6)

The regressed value accounts for 91 % of the variance in the data (R2), when β0 = 4.4, β1

= 120. This is an indication that the primary particle, grinded after melt synthesis, is non
porous. Porosity arises when these primary particles overlay and compact. In fact higher
drying temperatures help create a more mesoporous material. In these conditions the primary
particles do not perfectly overlay and expose more surface area. Moreover, the laser scattering
measure on the primary particle size distribution, estimates a surface area which accounts
between 70 % to 90 % of the BET measured surface area of the dried material (assuming a
nonporous and spherical particle with a density of 2700 kg m−3). Drying at 200 ◦C optimizes
the surface area. Working at 250 ◦C does not seems beneficial, as we reach the same surface
area. A 20 % smaller primary particle mode, leads a gain of 55 % more surface area, which
is consistent to previously reported papers.[117] Secondary particle dimensions moderately
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influence the BET surface area. A 75 % bigger particle mode will decrease the surface area
by 10 %.

Figure 4.12 BJH adsorption dVolume(diameter) at different inlet temperatures and secondary
particle sizes.

To estimate the specific surface area of a spray dried suspension of LFP (SSA, m2 g−1),
we created a two-parameters model to regress the primary particle mode (D′

[4,3]m, nm), the
secondary particle mode (D′′

[4,3]m, µm), and the inlet temperature (Tin, ◦C) (Equation 4.7).
The regressed surface area accounts for 85 % of the variance in the data, R2 (Table 6.8), when
β0 = 24.8 and β1 = -0.104.

SSA = β0 + β1
D

′

[4,3]m
3

D
′′
[4,3]mT

2
in

(4.7)

4.4.8 X-ray Diffraction

We performed XRD to exclude the presence of contaminants in the final product, arising
from overoxidation of the material at high drying temperatures and phase segregation: Fe3+:
Li3Fe2(PO4)3, at 27.5◦ 2θ,[118] and β-Li3PO4, at 34.0◦ 2θ.[119] We tested the material dried
at 100 ◦C and 350 ◦C (a pilot 0.8 m I.D. GEA mobile minor spray dryer, with the purpose
of comparing diffraction pattern of powders dried at temperatures above the limit of our
laboratory scale instrument). The gas contact time for the Yamato spray drier is 0.5 s, while
the GEA spray dryer reaches 14 s. For both cases, the outlet temperature was sought to
be 110 ◦C, and no contaminants were detected (Figure 6.18, Tin: 350 ◦C). We calculated a
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crystallite diameter of 30 nm using the XRD peak at 2θ = 17◦ (LiFePO4 (200), diffraction
peak) by the Scherrer equation.

Figure 4.13 Theta-2-theta acquisition at 50 kV and 40 mA, using a Cu anode, Gonio mode,
CuKα sideband removed.

4.5 Conclusions

All spray drying conditions creates semi-spherical doughnut-shaped secondary particles. A
two parameters skew normal distribution fits the experimental PSD better than the log-
normal and the Weibull distribution, with a skew value of 1.8 (R2 >98 %).

The nozzle n2 yields the best (liquid bore 508 µm), atomizing the feed material into ultimately
a fine narrow powder (mode 6± 3 µm), but LFP suspension clogs more frequently this small
bore nozzle. Nozzle n4 does not clog (liquid bore 1530 µm) and creates larger particles with
a wider distribution (mode 9 ± 4 µm). The distribution’s standard deviation is linearly
proportional (40 %) with respect to the PSD mode.

High temperature and atomization velocity (200 ◦C, >250 m s−1) increase the yield (>70 %).
Higher solid content in the slurry increases the final bulk density of the powder, up to
750 kg m−3 at 60 % loading. But fine material (mode <16 µm), have poor flowability (Hausner
ratio 1.5).

Spray dried sample porosity is distributed mainly in the macroporous region, in particular
the pore mode diameter has the same order of magnitude as the primary particle. The surface
area derived from the PSD (assuming spherical particles) is proportional and within 80 %
with respect to the BET surface area, indicating that melt-synthesized LFP is non-porous.
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The secondary particles however, posses a mesoporous structure that increase in volume by
10 %, when the drying temperature is increased from 100 ◦C to 200 ◦C. Which suggests that
slower drying rates (at lower temperatures) form a more compact material.

Operating at 200 ◦C maximizes the surface area (26.4 m2 g−1). Also 20 % smaller primary
particle mode, leads a gain of 55 % more surface area.
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5.1 Abstract

Growing markets require fast solutions to manufacture inexpensive long-lasting batteries for
vehicles. LiFePO4 (LFP) melt synthesized from ore concentrate fits this role, but requires
additional steps to grind the material into a nanoparticle suspension and to desiccate. Spray
drying creates a mesoporous powder that promotes wettability. The addition to the sus-
pension of lactose and high Mw polyvinyl alcohol (PVA) nanostructures the material and
pyrolysis creates a carbon cage that interconnects the cathode nanoparticles, imparting better
capacity (LiFePO4/C: 161 mA h g−1 at 0.1C), discharge rate (flat plateau with 145 mA h g−1

at 5C), and cyclablity (91 % capacity retention after 750 cycles at 1C). Spray dried par-
ticle size affects battery stability; PVA increases the suspension’s viscosity and alters the
powder morphology, from spherical to hollow particles. A model describes the rheology of
the non-Newtonian ternary system: water-LFP-PVA, for shear and temperature variation.
We investigate the calcination mechanism by measuring the carbon content and chemical
composition of the pyrolyzed species by XPS and Raman. Carbon precursors prevent sin-
tering of the nanoparticles but lactose gasifies 50 % of the carbon. The PVA carbon grid
imparts microporosity and we correlate the SEM and TEM powder’s morphology with N2

physisorption porosimetry. Ultrasonication of the LFP-organic precursors suspension leads
to the fragmentation of the PVA chain, which is detrimental for the final cathode material.
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5.2 Introduction

Lithium-ion batteries power our life: cellphones and computers count in the billions of units,
and a new technology sector aims to scale-up batteries for the automotive industry and for
stationary energy storage systems.[21] For this strategic vision, batteries with high-efficiency,
long-life and low-cost are the best choices to effectively transition to electric vehicles and
decrease our dependency on fossil fuels; while electric storage units create a flexible and
reliable grid system smoothing-out the fluctuating supply from renewable sources.[22] The
cathode represents the bottle-neck of this technology as its capacity is one order of mag-
nitude lower than the graphite anode. LiCoO2, at 273 mA h g−1, is the cathode of choice
for electric vehicles, but is costly and has safety and environmental issues.[23] LiFePO4 has
a lower capacity (170 mA h g−1) but costs less, is thermally stable, and its precursors are
environmentally benign.[24, 25] The lithium-sulfur cell with a glass solid-state electrolyte
promises to lead the next generation of batteries, but despite their outstanding cycle life
(above 15000), and improved capacity (reaching 500 mA h g−1), cost and scalability are po-
tential deterrents for adoption.[26] Commercial LiFePO4 batteries discharging at 2.5C-rate
maintain their temperature below 55 ◦C,[27] and in case of a short-circuit do not ignite.[28]
On the other hand, LiFePO4 material has a poor electrical conductivity and slow Li+ diffusiv-
ity in the crystalline matrix. The addition of carbon black,[29] coating with carbon layer or
metal oxides increases the electric conductivity;[30, 31] while doping it with cations improve
the Li+ diffusivity.[32] Carbon nanotubes demonstrated high power output and excellent cy-
cling performance in a ZnFe2O4−C/LiFePO4−CNT battery, but only at a laboratory scale
(10’000 cycles at 10C, retained 85 % of the initial capacity).[33] Other laboratory scale re-
search improve the wettability by nanostructuring the material: a greater specific surface
area exposes more material in contact with the electrolyte, which increases Li+ flow rate
across the cathode; while nanoparticles shortens the diffusion path and inside the crystal
structure.[34] While flame-spray pyrolysis demonstrated the importance of controlling the
size of the powder also at a micron-scale level.[35] Coupling LiFePO4 with iodine modifies
the redox cycle and improves the energy density,[36] and different carbon precursors lead to
a better conductive carbon layer.[37]

In this paper we demonstrate the scale-up feasibility of spray drying melt-synthesized LiFePO4

and organic precursors that self assemble into a carbon cage, which increases the cath-
ode cyclability, similarly to carbon nanotubes.[50] Melt-cast processes reduce the reactant
cost by 40 %, starting from lower-grade purity precursors, but still yield a pure, crystalline
material.[51, 52] In our process, a furnace produces LFP ingots. Subsequently, a jaw crusher,
a roller grinder and a wet media mill reduce the size of the material to the nanoscale in



47

water. Organic precursors are mixed and spray drying dessicates the suspension. In the
process, a two-fluid nozzle atomizes the suspension with compressed air. The hot air dries
the microscopic droplets (up to 100 µm), and the suspended nanoparticles (primary parti-
cles, 0.07 µm to 0.2 µm) agglomerate into a porous, spherical or doughnut-shaped, secondary
particle (5 µm to 50 µm) which forms the powder that is collected from the unit. The re-
sulting porous powder is then calcined to pyrolyze the organic precursors to semi-graphitic
carbon which enhances the electrical conductivity of the material. Finally, coin-cell batteries
established the electrochemical quality of the LFP/C cathode.

5.3 Experimental section

5.3.1 Nanoparticle suspension preparation

An induction furnace at 1100 ◦C melted the precursors and synthesized LFP in a graphite
crucible. Starting from: LiH2PO4, P2O5, Li2CO3 and iron ore concentrate (>99 % Fe2O3

with SiO2 impurity) with a Li/Fe/P: 1.03/1/1.03 stoichiometry,[14, 89, 90] casting 50 kg of
LFP into 200 mm ingots.[91] LFP is the dry solid fraction of our feed material, constituted
of 97.8 % LiFePO4 and 2.2 % γ-Li3PO4 (±0.4 % CI95 %

n=6 , by AAS and XRD; 95 % confidence
interval estimate, with a two-tail t-test for a sample number n).

A Pulverisette 1 model II, Fritzch jaw crusher ground the ingots to 1 mm to 3 mm gravel,
processing 13 kg h−1 of material. A roller grinder (MPE 6F granulizer, Chicago) further
reduced the particle size to dv,50 of 27 µm and dv,99 of 200 µm; treating 2 kg h−1 of material
at a 10 % feed rate. A wet media mill (NETZSCH - LMZ 4) ground the powder, equipped
with a 0.1 mm mesh filter and loaded with 3.2 L of 0.68 mm yttria-stabilized zirconia beads,
which filled 75 % of the total volume of the grinding chamber. Pilot and commercial grinding
chambers are made of ceramic rather than stainless steel to minimize iron contamination.
We filled the apparatus with 25 L of deionized water and loaded 25 kg of LFP, with a 0.008
mass ratio of Tween-20 surfactant in the mixing tank. We scaled-up the process using our
previous laboratory practice and added LFP progressively at a rate slow enough to avoid
plugging the mesh filters (20 kg h−1).[15] A cooling system pumped water at 15 ◦C around
the grinding chamber and mixing tank (ESI Fig. 1S).† We sampled the slurry at the outlet
of the grinding chamber every 15 min and immediately analyzed by laser scattering to avoid
agglomeration. We operated the wet media mill until the particle size distribution (PSD)
median reached 200 nm.
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5.3.2 Spray drying

Despite the Tween-20 surfactant, the suspended primary particles tended to settle when
stored for weeks. A mechanical mixer homogenized the slurry periodically and an aliquot of
material was weighed and ultrasonicated for 15 min before each experiment to de-agglomerate
the nanoparticles.[87] For standard feed materials, we added binders (lactose, polyvinyl al-
cohol solution or colloidal silica, 1 % to 7 %) and mechanically stirred the suspension for
an additional 15 min. For ultrasonicated slurries (US), we added the binders while stirring
and ultrasonicating for 15 min. We spray dried the feed material with a GEA Niro Mobile
MinorTM-PSR pilot-scale spray dryer (0.8 m I.D. x 0.8 m height / 60◦ cone chamber Fig. 5.1).
An 11 kW electrical coil heated 90 kg h−1 of drying air at 350(2) ◦C, which flowed co-currently
with the spray, leaving the bottom of the chamber at 125(2) ◦C. We chose a two-fluid nozzle,
with 0.7 mm I.D. for the liquid and 3.1 mm I.D. 5.0 mm O.D. for the atomizing air, based
on laboratory-scale tests of flowability of LFP suspensions through a bore restriction.[7, 84]
Compressed air at 0.25 MPa to 0.40 MPa fed the nozzle while a peristaltic pump fed the
suspension at flow rates between 130 mL min−1 to 180 mL min−1, creating a fine mist. A
cyclone separated the resulting powder, with a 50 % cut-off efficiency for 0.7 µm, 1600 kg m−3

secondary particles. Before feeding the suspension, we reached thermal steady state with an
equivalent volumetric flow of water (up to 90 mL min−1) during 2 h.

Exhaust

Hot air 

Atomization air

Slurry

Pump

Cyclone

TI

TI

Product Vessel

Compressor

Figure 5.1 GEA Mobile minor spray dryer setup. The recovery yield averages 80 %: 10 % of
the material coats the chamber and another 10 % escapes the cyclone.
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5.3.3 Calcination and electrochemical tests

We loaded 2 g of spray dried powder into an alumina crucible and inserted it in a tube
furnace flushed with a N2 atmosphere. We let the powder outgas at 100 ◦C for 2 h and then
increased the temperature to 700 ◦C for 2 h to calcine the material. The electrode of carbon
coated LFP was prepared by mixing the pyrolyzed active material (LiFePO4/C, 500 mg), with
carbon black C65 as conductive additive, and polyvinylidene fluoride (PVDF) at a weight
ratio of 84:9:7 in N-methyl-2-pyrrolidone (NMP) solvent. The mixture was then shaked in
a Turbula 3D mixer for 20 min, and homogenized in a tube roller overnight with 5 mm by
6 mm cylindrical beads. The uniform slurry was spread onto a piece of aluminum foil current
collector using the doctor blade technique. The electrode dried in a vacuum oven at 80 ◦C
overnight. Disc-shaped electrodes with a loading of 1.8(1) mg cm−2, and a thickness of 24 µm,
were cut and assembled in coin cells (2032) in an argon filled glove box. A lithium metal
foil was used as the negative electrode, LiFePO4/C as the positive one, Celgard 2400 as the
separator, and 1 M LiPF6 in ethylene carbonate-dimethyl carbonate (weight ratio of 1:2)
solvent as the electrolyte. The electrochemical tests were performed on the cells at 30 ◦C on
a Arbin BT2000 electrochemical station with cut-off voltages of 2.2 V and 4.0 V vs Li+/Li
at a 0.1C-rate for galvanostatic cycling and at 0.1C to 10C-rates to determine the power
performance.

5.3.4 Reagents and Characterization

D(+)-lactose monohydrate (>98 % Sigma-Aldrich). LUDOX R© SM colloidal silica (30 %
suspension in water, Sigma-Aldrich). Polyvinyl alcohol (PVA) with a weight average Mw
146,000-186,000 g mol−1 was purchased from Sigma-Aldrich, and dissolved in boiling deionised
water forming a 5 % solution. An X-ray diffractometer (XRD, BRUKER D8) recorded the
diffractogram of the spray dried powder in a stepwise scan of the gonio axis (10◦ to 80◦ 2θ,
0.02◦ step), with a copper anode at 40 kV and 40 mA. The HighScore Plus software stripped
the K-Alpha sidebands and refined the spectra using the Crystallography Open Database
(COD) database: LiFePO4 orthorhombic Pnma, ref. 96-400-1849; Li3PO4 orthorhombic
Pnma, ref. 96-901-2822, and JCPDS card: LiFePO4 01-070-6684; Li3PO4 00-015-0760. We
solubilized 20 mg of spray dried powder in 5 mL of 6 mol L−1 HCl (HPLC grade). Once com-
pletely dissolved we diluted the solution in 1 L of deionized water (reaching a pH of 1.5). An
atomic absorption spectrometer (AAS, PerkinElmer AAnalyst 200) measured the absolute
concentrations of Li+ and Fe3+ in the solution (mg L−1), using the manufacturer procedure
(N0225001 Rev.C). A laser diffractometer (LA-950 Horiba) measured the PSD, from 30 nm
to 3 mm, using the Mie algorithm, reporting the volume moment mean diameter (DeBroukere
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mean) D4,3, and one standard deviation as the square root of the variance in the distribution:

D4,3 =
∑
d4
i ·Ni∑
d3
i ·Ni

(5.1)

where Ni is the number of particles with the corresponding diameter di. Ultrasonication and
stirring dispersed the slurry in water, while only stirring dispersed the spray dried powders
during analysis. A refractive index of 1.68 + 0.1i for LFP and 1.333 for water minimized
below 0.1 the R and Chi fitting scores.[86] We measured the tapped density ρt, following the
ASTM B527 procedure, by pouring the powder in a graduated volumetric cylinder and hand-
tapping until the volume remained constant. A field emission scanning electron microscope
(SEM, FE-SEM-JEOL JSM-7600F) equipped with an energy dispersive X-ray detector (EDS)
acquired the images of the powder at 2 kV with the SEI detector. A transmission electron
microscope (TEM, JEOL JEM-2100F) recorded the images of the pyrolyzed material at
200 kV in bright field imaging mode. A CS elemental analyzer (LECO CS744) measured
the elemental carbon weight fractions after spray drying and after pyrolysis. The value has
been corrected in terms of dried material (gC/gLFP%) without the residual moisture. A
Quantachrome Autosorb-1 measured the N2 physisorption isotherms at 77 K. The powder
was degased at 200 ◦C, under vacuum, for 12 h and weighed with an Entris224-1S balance
(±0.2 mg). We regressed the total specific surface area (Sa), over the best linear range, with
the Brunauer-Emmett-Teller (BET) equation (P/P0: 0.07-0.20, C constant 60-200). The
Barrett-Joyner-Hallender (BJH) method estimates the mesopore size distribution (desorption
branch, P/P0: 0.2-0.995, excluding the cavitation-induced artifact at P/P0: 0.45, 4 nm). As
comparison, the NLDFT method for siliceous materials with cylindrical pores, calculates the
pore size distribution including the micropore region for the spray dried powders (P/P0:
0-0.98 equilibrium adsorption-desorption). While pyrolyzed powders that have a carbon
coat, use the NLDFT kernel for carbonaceous materials with cylindrical pores (same, up to
0.95).[92] The NLDFT method has a fitting error below 1.2 % over the measured volume,
and a lower confidence limit of 1 nm. The V − t method regress the specific surface area,
characteristic pore size and volume for the microporous fraction over the best linear range
(DeBoer thickness). The total pore volume is evaluated at P/P0: 0.995, which accounts for
pores smaller than 300 nm in diameter.[8] The intra-primary-particle void fraction (porosity
ϕ, %) was calculated from the skeletal density of the material (LFP: ρsk = 3.57 g cm−3) and
the measured pore volume (Vpore, cm3 g−1) (Eq. 5.2). While the apparent particle density ρp,
g cm−3 with Eq. 5.3.
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ϕ = Vpore

Vpore + 1
ρsk

(5.2)

ρp = ρsk

1 + Vporeρsk
(5.3)

A HAAKETM ViscotesterTM iQ Air rheometer (Thermo ScientificTM) equipped with a CC27
coaxial cylinder double gap geometry (3.00(5) mL volume) and an external water/glycol
temperature controller (Polystat R© Cole-Parmer R© −10.0(1) ◦C to 80.0(1) ◦C) recorded the
apparent viscosity of the LFP suspensions while increasing and decreasing stepwise the shear
rate (10 s−1 to 4000 s−1 range, after pre-shearing at 10 s−1 for 3 min). A VCX 500, Sonics &
Materials, Inc. powered a 20 mm diameter ultrasonic horn at 500 W, resonating at 20 kHz
and 40 % amplitude. The horn was immersed half-way in a magnetically stirred beaker, and
the actual power delivered to a 0.6 L suspension was 40 W L−1, calibrated with a calorimetric
procedure.[93] An X-ray photoelectron spectrometer (XPS, VG ESCALAB 3 MkII) analyzed
the carbon coating of our LFP powders.[8] A Mg Kα source at 15 kV gathered the spectra over
a <10 nm material thickness, reporting carbon and oxygen bonding information. We acquired
the Raman spectra on 3 different spots per sample, with a Renishaw inVia Microscope, a 50x
objective lens, 30 s exposure time, 600 lines mm−1 optical grating, giving a spectral resolution
of 3 cm−1. The 514.5 nm laser was reduced in power (to 10 %, 2.5 mW) to avoid damaging
the carbon coat and irradiated the powder in a 7 µm2 area.

5.4 Results and discussion

5.4.1 LFP characterization and elemental analysis

Spray drying atomizes the suspension into droplets that have a short residence time in the
chamber (14 s). As long as the droplets contain water, evaporation occurs below the boiling
point of the solvent, and by the time the powder is bone-dry, the air’s outlet temperature has
decreased to 125 ◦C, due to the latent heat of vaporization of water. This phenomena prevents
any oxidation or chemical alteration of the feed material, even when spray drying up to an
inlet temperature of 350 ◦C, as long the outlet temperature remains below such transitions.[84]
In comparison, drying the slurry on a hot plate at 180 ◦C, in air, partially overoxidizes the
material to Fe3+: Li3Fe2(PO4)3 and Fe2P each observable with a characteristic XRD peak
at 27.5◦ and 41.0◦ 2θ.[118, 120] Instead, the only additional crystalline phase (γ-Li3PO4) is
a constituent of the formulation, because a stoichiometric deficiency of iron is beneficial for
the final battery formulation.[14] While an excess of phosphorus is added as part is lost as
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airborne and part reacts with the graphite crucible forming Fe2P, which remains embedded
in the crucible pores. The synthesis yields LiFePO4 and the excess of lithium and phosphate
recombine forming γ-Li3PO4 (Fig. 5.2).

Figure 5.2 The spray dried LFP (red, bottom) presents broad peaks; calcination improves
crystallinity and the sample diffracts three times more (black, top). Diffraction patterns
between samples are the same (Table 5.1). Top-right insert: # LiFePO4, * Li3PO4

Solid-state reactions form γ-Li3PO4 (COD ref: 901-282), at a phase transition temperature of
1170 ◦C, with improved ionic conductivity vs. the β-Li3PO4 (COD ref: 901-2500), synthesized
by wet chemical reaction (3× 10−7 S cm−1 vs. 4× 10−8 S cm−1).[121] Milling in water and
drying dissolves and recrystallizes this phase. However, Li3PO4 is poorly soluble in water
(0.4 g L−1 at 20 ◦C). In a slurry containing 50 % LFP, there are 11 g L−1 of Li3PO4. Only 4 % of
Li3PO4 is in solution, the remaining is embedded in the solid matrix of LFP as γ-Li3PO4. The
Retvield refinement estimates γ-Li3PO4 at 1.4(3) % for our samples (Table 5.1). However, the
calcined samples without carbon precursors diffract more (1.9 % γ-Li3PO4), while spray dried
samples or calcined samples with a carbon precursor diffract less (1.2(1) % γ-Li3PO4), despite
starting from the same feed material (2.2 % Li3PO4 by AAS). The carbon’s thickness covers a
few nanometers and does not suppress the XRD signal from the bulk LFP (in our conditions
the penetration length ranges from 30 µm to 200 µm along the 2θ angle). This indicates
that, after spray drying, part of the Li3PO4 is in amorphous state or coats the surface into
mono-atomic layers. Calcination sinters Li3PO4 and develops a better crystalline structure.
While carbon precursors coat the LFP’s surface, and the resulting carbon layer imposes a
mass transfer resistance that limits crystal growth and sintering for both LiFePO4 and γ-
Li3PO4. On the other hand, the Scherrer equation calculates 30 % smaller crystallite size after
calcination; due to instrument resolution for this trace compound as Li3PO4 volatilization
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Table 5.1 Spray dried powders from LFP suspensions with additives in water, all slurries
include the Tween-20 surfactant. PSD: secondary particle size mode and (distribution at
one standard deviation). Carbon: total carbon relative to bone dry LFP powder (CI95 %

n=3 ).
Sa: specific surface area (CI95 %

n=3 ), Vpore: pore volume (CI95 %
n=3 <0.01 cm3 g−1) and porosity

ϕ. Average crystallite size considering the 3 most intense peaks (Scherrer equation), and γ-
Li3PO4 composition (Retvield refinement). “Py”: pyrolyzed powders. “US”: ultrasonicated
suspension.
Sample ωi LFP + additive PSD carbon Sa Vpore ϕ LiFePO4 γ-Li3PO4 γ-Li3PO4

gi/gtotal% µm gC/gLFP% m2 g−1 cm3 g−1 % nm nm g g−1 %
LFP-neat 52 % + none 11(10) 0.36(1) % 28.1(8) 0.27 49 % 28 170 1.3 %
LFP-neat-Py 52 % + none 11(8) 0.1 % 2.9(2) 0.06 17 % 220 130 1.9 %
LFP-1 50 % + 4 % lactose 12(11) 3.4 % 27.5 0.24 46 % 27 220 1.3 %
LFP-1-Py 50 % + 4 % lactose 12(10) 1.7 % 30.8 0.23 45 % 94 170 1.1 %
LFP-2 50 % + 1 % SiO2 14(8) 0.4 % 31.0 0.27 49 % 27 220 1.1 %
LFP-2-Py 50 % + 1 % SiO2 12(18) 0.1 % 5.1 0.10 27 % 200 160 1.9 %
LFP-3 50 % + 4 % lactose 7(3) 3.4(2) % 23.5 0.23 45 % 27 250 1.2 %
LFP-3-Py 50 % + 4 % lactose 7(5) 1.8 % 29.7 0.23 46 % 81 170 1.3 %
LFP-4 41 % + 1 % PVA 37(21) 1.9 % 20.1 0.24 46 % 27 220 1.6 %
LFP-4-Py 41 % + 1 % PVA 32(23) 1.1 % 21.5(6) 0.23 45 % 150
LFP-5 40 % + 3 % lactose, 1 % PVA 37(23) 5.00(7) % 16.8 0.22 43 % 27 170 2.0 %
LFP-5-Py 40 % + 3 % lactose, 1 % PVA 32(21) 2.4(1) % 30.6 0.27 49 %
LFP-L 48 % + 7 % lactose 8(6) 5.9 % 21.6 0.19 40 %
LFP-L-Py 48 % + 7 % lactose 8(6) 3.1 % 28.9 0.20 42 %
LFP-LP 45 % + 5 % lactose, 0.45 % PVA 12(20) 5.20(9) % 19.4 0.22 43 %
LFP-LP-Py 45 % + 5 % lactose, 0.45 % PVA 12(22) 2.9 % 32.3 0.23 45 % 77
LFP-LPU 45 % + 5 % lactose, 0.45 % PVA, US 11(8) 5.1 % 19.9 0.19 41 %
LFP-LPU-Py 45 % + 5 % lactose, 0.45 % PVA, US 11(9) 2.9 % 26.0 0.21 43 %

is unlikely (melting point: 1206 ◦C, Table 5.1). The LiFePO4 average crystallite size, after
spray drying, is invariant with respect to different mixtures of lactose, PVA or colloidal silica
(27 nm by Scherrer equation from profile fitting and shape factor: 0.9), but it is a function
of the LFP’s melt synthesis conditions. PSD laser scattering, SEM and TEM morphology
confirm an average primary particle size of 80 nm by number distribution, thus indicating
that several crystal grains constitute the milled primary particles.[86] Calcination of the spray
dried powders induce sintering and improve crystallinity also for the LiFePO4 phase. The
absence of carbon precursors (neat LFP or with colloidal silica) sinters the primary particles
together forming 220 nm crystallites. While lactose hinders sintering, limiting crystallites
growth to 80 nm (XRD, SEM). From AAS we converted the measured concentrations to molar
ratio between the two ions (on average Li+/Fe3+ = 1.09). We assumed the excess lithium
to form Li3PO4 (as the only other component we detected on XRD). This corresponds to
0.03 mol of Li3PO4 per mole of LiFePO4, and in terms of mass fraction: 97.8 % LiFePO4 and
2.2 % Li3PO4 (±0.4 % CI95 %

n=6 ). AAS and XRD measurements indicate either that the spray
dried material suffers from a depletion in the iron content at some point during the process
or an unintentional overload of lithium phosphate during the re-melt synthesis.
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5.4.2 Particle size and powder morphology

The primary particles have an arithmetic mean D4,3 diameter of 130(60) nm, with a dv,10,
dv,50, dv,90 of 70 nm, 120 nm and 190 nm. However, laser scattering fails to measure particles
smaller than 30 nm, which are present (SEM, TEM), and underestimates the sub-100 nm
fraction. The specific surface area measured by laser scattering, assuming LFP spherical
particles with a skeletal density of 3570 kg m−3, is 15 m2 g−1, which underestimates the value
measured by N2 physisorption (average 23 m2 g−1, BET). Moreover, particle shape changes
as a function of the particle size. Wet media milling attrits primary particles smaller than
50 nm to spherical shapes (TEM), while the others remain as an elongated prismatic shape,
in which one dimension is twice the others (SEM: sphericity 0.8, aspect ratio 0.5). On the
other hand, spray dried secondary particles are spherical or doughnut-shaped, and the mean
diameter lies between 5 µm to 50 µm depending on the spray drying conditions (Fig. 5.3,
Table 5.1).

Figure 5.3 The primary particles suspended in water agglomerate to secondary particles
during spray drying. The resulting powder is homogeneous and different samplings makes
minimal deviations. However sampling the suspension leads to greater uncertainty, due to
instrument resolution and irregular particle shape. Error bars for a CI95 %

n=5 .

Spherical particles are preferred as they are denser, but a synergistic effect between exces-
sive drying rate and slurry viscosity, creates doughnut holes in the higher-tail of the PSD
(Fig. 5.4j).[84] PVA increases the mixture viscosity by a factor of 4, the secondary particles in-
crease in size, produce more blowholes, and density decreases. A binderless suspension yields
a powder (LFP-neat) with ρt = 1120(10) kg m−3; the LFP-lactose powder (LFP-L) reaches
ρt = 1140(10) kg m−3; while adding PVA (LFP-LP and LFP-LPU): ρt = 1070(50) kg m−3

(CI95 %
n=3 ). The organic binders fill the nano and mesopore fraction of the powder (porosime-

try), as result, LFP-L should be denser than LFP-neat (calc: 1200 kg m−3). The two powders
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have similar PSD and we attribute the inconsistency to blowholes. This macroporosity aver-
ages 2 µm to 50 µm (SEM) and reduces drastically the macroscopic density of the powder (ρt),
but not the microscopic packing efficiency of the primary particles. In fact, from porosimetry,
the apparent particle density ρp is much higher, as we measure only for pores up to 0.3 µm
in diameter. LFP-neat has ρp = 1820(30) kg m−3; LFP-L ρp = 2130 kg m−3; LFP-LP ρp

= 2020 kg m−3; LFP-LPU ρp = 2110 kg m−3; and the density increases coherently with the
addition of binders (calc: 2000 kg m−3 to 2100 kg m−3). This measure gives a better estimate
regarding how the primary particles pack together and suggests strategies to improve the
energy density of the cathode: by re-milling the calcined powder to compact the blowholes
(this work) or scaling spray-drying to achieve a slower drying-rate and avoid their formation.
The structure of spherical, dense particles is not affected by calcination; while particles with
blowholes are mechanically less resistant, break during calcination and reveal their internal
voidage (Fig. 5.4p).

5.4.3 Pyrolysis and carbon layer

Lactose covers the primary particles and calcination pyrolyzes the carbon precursor into
a 1 nm to 3 nm layer of semi-graphitic carbon (by TEM, Fig. 5.5a). Spray drying coats
homogeneously the primary particles with the carbon precursors, even inside the secondary
particles. We saw no difference in carbon thickness between the surface and the bulk of the
secondary particles (from a fragment Fig. 5.5b). However, a long polymeric chain PVA adds
a new morphology: a cage, reticular grid-like carbon that connects several primary particles,
covering pores voids up to 100 nm diameter (Fig. 5.5c). Ultrasonication breaks the PVA’s
polymeric chain and the grid-like carbon appears smaller, between 5 nm to 20 nm in size
(Fig. 5.5d). The surfactant Tween-20, lactose monohydrate and PVA are the three sources
of carbon that coat the primary particles. Respectively, with a stoichiometric mass ratio
νi: 57 %, 40 %, 55 % of carbon, and their contribution is linear with the amount used (ωi:
gi/gLFP; Eq. 5.4a).

Cspray dried =
∑

νiωi

Cpyrolyzed =
∑

νiωiβi
(5.4)

The sample variability is comparable to the regression (Cspray dried: gcarbon/gpowder): five ran-
dom samples have been repeated three times, giving an average ±0.1 % CI95 %

n=3 and a relative
error between 1 % to 5 %. While the linear regression has a standard error of the mean of
±0.2 % with an R2 = 99 % (ESI Fig. 2S).† During pyrolysis part of the carbon oxidizes to
CO and CO2: excluding the direct reaction with gaseous oxygen, carbon at 700 ◦C reacts
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50 µm, a 5 µm, b 1 µm, c 100 nm, d

50 µm, e 5 µm, f 1 µm, g 100 nm, h

50 µm, i 5 µm, j 1 µm, k 100 nm, l

50 µm, m 5 µm, n 1 µm, o 50 µm, p

Figure 5.4 Particle morphology by SEM: “a” to “d” belong to the spray dried neat LFP
suspension (adding lactose does not change the texture). However calcination of LFP powders
without carbon precursor sinters the primary particles together “g” and “h”, but not the
secondary: “e” and “f”. Lactose prevents sintering and the powder remains nanostructured:
“i” to l”. Adding PVA changes the morphology of the spray dried material, creating submicron
rods: “m” to “o”. Calcination of this material breaks some particles, revealing that they are
hollow “p”.

5 nm, a

50 nm, b

5 nm, c 5 nm, d

Figure 5.5 Carbon coat morphology by TEM after pyrolysis: lactose decomposes into a thin
layer of semi-graphitic carbon (arrows, 1 nm to 3 nm, “a”), coating the primary LFP particles
“b”. The addition of PVA superimposes over the thin layer of lactose a grid-like carbon
structure interconnecting the primary particles (circled, “c”). Ultrasonication depolymerizes
PVA into a short-chain polymer so the carbon grid is now smaller “d”.
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with steam (water-gas reaction). The carbon precursors’ hydroxyl groups dehydrate, cyclize
the molecule, and form unsaturated species, generating semi-graphitic carbon and water.[10]
From a regression analysis, the βi coefficient indicates for each component the fraction of
carbon left after pyrolysis (standard error of the mean is ±0.1 %, R2 > 99 %, Eq. 5.4b).
Tween-20 loses the most carbon during pyrolysis (βi = 0.15), followed by lactose (0.52) and
finally PVA (0.75).

5.4.4 N2 physisorption porosimetry

A high Sa promotes greater wettability and Li+ flow from the solid material, however melt-
synthesized LFP is intrinsically non-porous (type II isotherms). Milling LFP creates nanopar-
ticles (primary particles), and spray drying coalesces the material into a meso-macro porous
spherical secondary particle. The pore network correlates to the packing efficiency of the
agglomerate. The lack of a plateau over a range of high P/P0 indicates incomplete pore
filling and the development of a macroporous structure which correlates to the void fraction
between secondary particles.[84] Scaling-up spray drying from a laboratory unit (Yamato
GB-22) to a pilot unit (this work) did not modify the porosity of the material. Spray dried
powders, with or without binders, all exhibit a type II isotherm with a small H1 hysteresis
loop in the P/P0 0.85-0.995 range (Fig. 5.6).[113]

Figure 5.6 N2 adsorption-desorption isotherms at 77 K, STP at 0 ◦C and 1 atm.

H1 hysteresis is often associated with agglomerates of approximately uniform spheres (the
primary LFP particles).[114] While the small hysteresis’ area correlates with the lack of
narrow necks (ink-bottle pore shape), indicating no morphological difference in arrangements
of the nanoparticles between the core and the shell of the secondary particle (homogeneous
distribution).[122] Spray dried powders without binders have high specific surface area and
pore volume (Sa: 28 m2 g−1, Vpore: 0.27 cm3 g−1), indicating no pore blockage in the secondary
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particles. While the addition of binders lowers the Sa of the powder, as the pores are gradually
filled with organic precursors (20 m2 g−1, 0.2 cm3 g−1, Table 5.1). Total Vpore decrease by 25 %,
but pore size distribution is invariant, peaking at 45 nm, which corresponds to the average
inter-primary-particle void length (blue vs. red, black and green Fig. 5.7).

Figure 5.7 Comparison between BJH (top) and NLDFT (bottom) pore size distribution
methods. Spray dried powders with (red, black green) or without carbon precursors (blue)
shows similar pore morphology in the meso-macro pore region 5 nm to 300 nm. Calcina-
tion pyrolyzes the carbon precursors and partially sinters the LFP primary particles (open
symbols).

This shows how spray drying disperses evenly the solvated organic binders over the sur-
face of the solid LFP. In contrast, incipient wetness impregnation of a tungsten solution
over a solid titania support selectively filled pores smaller than 10 nm as the tungsten load-
ing increased.[123] Exceptionally, colloidal silica increases the Sa, but not the Vpore, as the
smaller colloidal silica nanoparticles (6 nm diameter) cover the surface of the LFP primary
particles and contribute additively to the Sa (Table 5.1). However calcination imparts a
radical alteration of the material. The Sa for the samples deprived or with an insufficient
quantity of carbon precursor, decrease from 28 m2 g−1 (before pyrolysis) to as low as 3 m2 g−1
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(after pyrolysis). Loss of Sa is seen in SEM imaging and XRD: at 700 ◦C the uncoated
LFP nanoparticles sinter. The primary particles grow in size up to 1 µm (SEM) and XRD
peaks are sharper and twice as intense. On the other hand, the samples containing the
carbon precursor increase the Sa from 20 m2 g−1 to 30 m2 g−1 and produce a small microp-
orous structure (5 % to 15 % of the total Sa) and a novel pore structure between 5 nm to
10 nm (BJH and NLDFT). Accordingly, an additional H4 hysteresis loop appears between
P/P0 0.45-0.85 for the pyrolyzed powders, which is associated with the filling of micropores,
in micro-mesoporous carbons; as the adsorption branch is now a composite of Types I and
II isotherms (Fig. 5.6).[122] The new narrow-mesopore structure arise from a combination
of factors: calcination in the presence of carbon precursors induces partial sintering of the
LFP’s primary particles (XRD). The pore volume is invariant, but the pore size shifts from
45 nm (before pyrolysis, colour symbols) to 5 nm and 45 nm (after pyrolysis, open symbols,
Fig. 5.7). In the absence of carbon (diamonds) the material extensively sinters, the secondary
particle shrinks (SEM), and the Vpore drops to 0.06 cm3 g−1. Lactose and PVA maximize the
micropore Vpore and Sa (upward triangles: 5.2 m2 g−1 with the V-t method, and 9.0 m2 g−1

by NLDFT); lactose alone does not create a substantial microporosity (circles: 0.7 m2 g−1,
and 2.5 m2 g−1); while ultrasonication degrades the carbon precursors (downward triangles:
0.8 m2 g−1, and 0.9 m2 g−1). To explain the difference in microporosity we propose that lac-
tose coats evenly the LFP primary particles, pyrolysis decrease the thickness of the coating
layer (from 6 nm to 3 nm from mass balance calculation),[124] which keeps adhering to the
LFP surface (TEM). The thinner carbon layer exposes a gap that ranges in the micropore
region. PVA creates a carbon grid that extends between nanoparticles, ranging between
30 nm to 100 nm (TEM), which correlates with the decrease in mesoporosity (open symbols,
upward triangle Fig. 5.7). Instead, the carbon grid filament measures 1.1(1) nm in thickness
(TEM), and could indicate the presence of narrow carbon nanotubes, catalyzed on the surface
of LFP.[125] Single-wall carbon nanotubes have a thin diameter (1.35 nm),[126] and would
explain the increased N2 adsorption in the micropore region (1.4 nm average pore volume by
NLDFT); however, their characteristic peaks are absent in the Raman spectra. Hydrother-
mal synthesis of LiFePO4 with adenosine triphosphate and ascorbic acid, creates a similar
mesoporous carbon nanowire that interconnects the LiFePO4 nanosheet.[127] Ultrasonication
decomposes PVA and the pore size distribution follows the same trend as the sample with
lactose.

5.4.5 Rheology of the nanoparticles suspension

The Tween-20 surfactant exhibit a Newtonian rheology to the LFP suspension when the solid
mass fraction does not exceed 20 %. Increasing solid loadings contribute to shift the slurry
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to a shear-thinning non-Newtonian fluid behavior (Fig. 5.8).

Figure 5.8 The shear increasing isotherms at 25.0 ◦C (upward triangles) overtop the shear
decreasing curves (downward triangles). Viscosity increases with the solid mass fraction of
LFP in water (blue, red, black). The addition of less than 7 % lactose does not modify the
rheology of the material; while PVA increases the viscosity of the slurry (green). Error bars
for a CI95 %

n=3 .

Dynamic apparent viscosity (µ, Pa s) decreases with shear rate (γ̇sr, s−1) and the Herschel-
Bulkley model fits best the data (R2 > 99.5 %):[128]

µ = τ0/γ̇ +Kγ̇n−1 (5.5)

Eq. 5.5 characterizes fluids with suspended solid, even in Newtonian conditions, and give
three rheometric parameters: consistency (K, Pasn relates to the apparent viscosity), flow
index (n, a measure of shear-thinning) and yield stress (τ0, Pa). When τ < τ0 the material
behaves as a solid (τ0 = 2 Pa to 3 Pa), and occurs when the solid mass fraction of LFP is
above 60 % or at 50 % along with binders (>3 % lactose or >0.8 % PVA). In those conditions,
the Tween-20 surfactant fails to maintain the LFP nanoparticles suspended and after stand-
ing still for a few hours, the material reticulates into a bulk solid with the consistency of
yogurt (i.e. τ0 = 10 Pa at room temperature). The process is reversible, indicating that the
nanoparticles create a network through sol-gel physical bonds.[129] The network deforms elas-
tically when stress is applied, via direct contact between particles. When the applied stress
reaches τ0, the network breaks up, beyond which point the suspension flows viscously.[130]
Shear increasing-decreasing curves also show this thixotropic behavior. The shear increasing
curve has greater viscosity, and as the analysis progresses, more energy is transferred to the
material, breaking more bonds and lowering the apparent viscosity during the shear decreas-
ing isotherm. The two curves have a hysteresis area which is maximum when the material



61

has more suspended solid and in the presence of PVA binder (ωLFP = 43.3 % with ωPVA =
0.86 %: ∆hyst = 10 000 Pa s−1, n = 0.68). Below the mentioned conditions, ∆hyst decreases
proportionally with the solid mass fraction (At ωLFP = 51.9 %: ∆hyst = 3000 Pa s−1, n =
0.81; ωLFP = 35.6 %: ∆hyst = 700 Pa s−1, n = 0.91 and ωLFP = 17.6 %: ∆hyst = 100 Pa s−1, n
= 0.98). Also the viscosity index follows the same trend, reaching Newtonian flow (n = 1)
in dilute, binder-less conditions. PVA contributes in creating a sol-gel network among LFP
nanoparticles, probably by physical bonds via the PVA hydroxyl functional groups and not by
dehydration reaction as the rheology is again reversible during consecutive shear increasing-
decreasing isotherms and we are in the presence of an aqueous system weakly alkaline (pH
8).[123] PVA which is detrimental when spray-drying as viscosity increases and requires more
energy for atomization, but is favorable when testing the electrochemistry of the material, as
the PVA network pyrolyzes into a better electron conductive cage. Temperature reduces the
apparent viscosity of the suspension with an exponential trend in a 1/T plot; solid loading,
binders or different shear rates modify the magnitude of the effect but not the trend (Table
5.2).

At −8.9 ◦C a ωLFP = 51.9 % binder-less suspension freezes. The process is not reversible,
after thawing the material is 70 % more viscous over the entire range of temperature. PSD
scattering reveals that 20 % of the solid nanomaterial agglomerates into 2 µm to 10 µm par-
ticles. Ultrasonication breaks the agglomerates and restore the original PSD and rheology.
Since the change in apparent viscosity between the shear increasing and decreasing branches
is negligible, we modelled the data considering four factors: LFP and PVA mass fraction,
temperature and the increasing branch of the shear rate (Eq. 5.6).

A = e
Ea
R ( 1

T
− 1

293)

C = 1 + cPVA ∗ ωPVA

τ0 = τ ∗
(
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)((
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)−4
− 1

)
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ω0
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(5.6)

A modified Arrhenius type relationship (A term) explains the temperature variation (T , K)
for the apparent viscosity (µ, Pa s): at 20 ◦C A = 1; when T = 5 ◦C A = 1.4 and when
T = 70 ◦C A = 0.4; the Ea regress to 16 300(500) J mol−1 (standard error). Interestingly,
the regressed trend overlap with the viscosity variation of pure water (in mPa s) and the
regressed Ea agrees with previous studies for pure water (n = 7, 15 800(200) J mol−1, stan-
dard error).[131, 132] When comparing our regressed data with another regression where we
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Table 5.2 Rheology of LFP suspensions; the apparent viscosity (µ, ±0.05 mPa s) increases
with: increasing solid mass fraction (ωLFP) and increasing PVA binder content (ωPVA), while
µ decreases with increasing temperature (T ) and increasing shear rates (γ̇sr). “US”: ultra-
sonicated suspension.

ωLFP ωPVA T γ̇sr µ
gLFP/gtotal gPVA/gtotal

◦C s−1 mPa s
17.6 0 25.0 4000 1.5
31.3 0 25.0 4000 2.3
35.6 0 25.0 4000 5.2
51.9 0 45.0 4000 6.3
51.9 0 25.0 4000 8.4
60.2 0 25.0 4000 12.7
43.3 0.86 25.0 100 80.1
43.3 0.86 45.0 100 56.7
43.3 0.86 57.0 100 48.8
48.3 0 5.0 4000 10.5
48.3 0 25.0 4000 6.0
48.3 0 45.0 4000 4.2
48.3 0 65.0 4000 3.9
38.2 1.15 25.0 500 65.0
38.2 1.15 25.0 1500 43.4
38.2 1.15 25.0 4000 31.9
45.0 0.45 25.0 1000 22.4

45.0, US 0.45, US 25.0 1000 10.3
0 4.0 25.0 1000 31.8
0 4.0, US 25.0 1000 16.4

imposed the Ea of pure water, the Mann-Whitney U Statistic determined no statistically
significant difference between the two groups (p = 0.934). We can therefore infer that tem-
perature only affects the rheology of the solvent, and not the solid or interfacial property
of the suspended LiFePO4 nanoparticles. The PVA mass fraction linearly correlates with
the consistency index K (C term) and quadratically with the yield stress τ0, for slurries up
to 0.04 ωPVA (gPVA/gtotal).[133] The quadratic function best fit the liquid-to-solid transition
of our feed material when it contains PVA, the constant is set to 1 to impose neutrality
for a binderless suspension, while the proportionality coefficient cPVA regress to 700. The
yield stress (τ0, Pa) increases with increasing particle volume fraction (ϕ, L L−1) with a
Maron-Pierce relationship and τ ∗ is a fitting parameter which correlates to the solid parti-
cle size.[130] When we regressed the same equation using mass fractions we obtained τ ∗ =
0.006 Pa and ω0 = 0.77 which represents the maximum (mass) packing fraction. The remain-
ing re-elaboration of the Herschel-Bulkley model include an empirical formula for evaluating
the Newtonian index, as it depends systematically on particle aspect ratio (in our case rp
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= 0.5) and solid loading.[134] The same rheological study on suspended particles regressed
the Einstein coefficient B as a function of rp (in our case B = 2.5) and we decided to apply
the Krieger equation,[135] as a modification formula, to include a concentrated regime flow,
for the consistency index K. With the Krieger modification, K = 1.2× 10−3 Pasn regress to
the viscosity of the solvent (water at 20 ◦C is 1 mPa s), and our regression improves: R2 and
adjusted R2 scores are equal; R2 passes from 99.3 % to 99.9 %; and the standard error of the
estimate: from 10.0 mPa s to 4.5 mPa s (Fig. 5.9).

Figure 5.9 Eq. 5.6 model regression for 415 data points at different solid concentrations,
increasing shear rates, temperatures and binder loadings. Most deviations come from low
instrument sensitivity at low torque (when µ <3 mPa s) and low shear rate (γ̇sr <50 s−1).

Converting solid mass fractions to volume fractions, and writing Eq. 5.6 in terms of volume
fraction, does not fit the data with respect to shear increase and solid loading. (R2 = 99.6 %
and standard error of the estimate: 7.7 mPa s). When regressing using volume fractions, Ea
= 14 300(900) J mol−1, τ ∗ = 0.25 Pa, K = 0.0030 Pasn, ϕ0 = 0.66 and cPV A = 370. The
maximum (volumetric) packing fraction is in agreement with experimental data on micron-
sized particles but the yield stress fitting parameter diverges from the proposed trend: for
50 µm particles, τ ∗ measured 0.05 Pa; and for 2.5 µm, τ ∗ measured 3 Pa.[134] We extend the
study into the submicron region with a broad distribution of primary particle sizes and obtain
τ ∗ = 0.25 Pa, indicating that nanoparticles act as viscosity reducers, as already demonstrated
in crude oil rheology studies.[136] We also conducted a thixotropy study of a 50 % solid slurry.
When shear is applied, γ̇sr from 0 s−1 to 50 s−1, it takes an average of 2.5 s to reach 95 % of
the steady state measured stress. Continuing from 50 s−1 to 500 s−1 it takes 1.3 s; 500 s−1

to 5000 s−1 0.9 s; while 5000 s−1 to 500 s−1 1.5 s; 500 s−1 to 50 s−1 3 s; 50 s−1 to 0 s−1 10 s.
Imposing different temperatures (−5 ◦C to 65 ◦C) does not influence thixotropy, as there is
no statistical difference between the temperature groups (p = 0.998). This effect has to be
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taken into consideration as the slurry that undergoes atomization is subject to a rheology
different from the expected one. Feeding 100 mL min−1 of slurry from the tank through the
pipe imposes a shear of 500 s−1, and given the dimension of the apparatus, a contact time of
10 s. The pipe is then connected to the nozzle attachment, a steel duct in which the slurry
passes at γ̇sr = 100 s−1 for 7 s. Finally the nozzle reduces the cross-section to a 0.7 mm bore,
where the slurry shear at 50 000 s−1 for 2 ms. This final sudden change in diameter (and shear
rate) is unlikely to impose any actual decrease in the apparent viscosity. The thixotropy of
the feed material imposes a kinetic limitation for the apparent viscosity variation due to shear
and the short contact time for both the atomizer and the droplet drying (few ms) leaves the
material behaving in the 100 s−1 shear range.

5.4.6 Ultrasonication

In water, long chain PVA organizes to a pseudo-micelle conformation around the nanopar-
ticles. This increases the hydrodynamic radius and thus the intrinsic viscosity.[137] In fact,
adding 0.45 % PVA to a suspension of 45 % LFP increases the apparent viscosity 4-fold with
respect to a binderless slurry. However, when ultrasound (US) is applied to a suspension
containing PVA, the apparent viscosity drops 2-fold, permanently (Table 5.2). The LFP
primary particle size distribution remains unchanged (before US: 130(60) nm vs. after US:
120(50) nm, spanning from dv,10: 70 nm, dv,50: 110 nm, to dv,90: 190 nm). So, we attributed
this effect to the depolimerization of PVA; in fact, applying US to a 4.0 % PVA solution in
water, registered a 2-fold drop in viscosity. Ultrasonication degradates organics and poly-
mers via a macro-radical mechanism,[138, 139] and depolymerizes aqueous solutions of PVA,
as cavitation and macro-turbulence induce shear forces that break the polymer’s chemical
bonds.[140, 141] The Mark—Houwink equation characterizes the intrinsic viscosity of a poly-
mer with its molecular weight, while the Solomon—Ciuta equation estimates the intrinsic
viscosity from single-concentration apparent viscosity measurement.[142] The 4.0 % PVA so-
lution has an apparent viscosity of 32.0(8) mPa s at 25 ◦C, a Newtonian behavior, and an
average molecular weight of Mw = 170 000 g mol−1 (manufacturer specifications). US de-
polymerizes the 4.0 % PVA solution to a 90 000 g mol−1 polymer, halving the chain length
(µ = 16.8(2) mPa s). With 45 % LFP and 0.45 % PVA, the effect of US is even more pro-
nounced. Lower polymer concentrations lead to higher polymer degradation because the
polymer chains are less overlapped.[143] As a result, viscosity decreases from 22 mPa s to
10 mPa s at γ̇sr = 1000 s−1. Assuming both the LFP suspension and PVA contribute to the
final viscosity in an additive way, a 45 % LFP suspension has a µ = 6 mPa s. Subtracting the
LFP contribution from the LFP+PVA suspension, the PVA drops in viscosity 4-fold after US
(16 mPa s to 4 mPa s), which corresponds to a 30 000 g mol−1 low molecular weight polymer.
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5.4.7 Carbon coat chemical analysis

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique that determines
the chemical composition in atomic percentages of the elements and the amount of carbon–
carbon/carbon–oxygen bonding (Table 5.3).

Table 5.3 XPS elemental composition (atomic ±0.2 %).

Sample P2p C1s O1s Fe2p
LFP-L-Py - 7 % lactose 7.5 41.5 46.6 4.4
LFP-LP-Py - 7 % lactose, 0.45 % PVA 8.4 39.8 46.3 5.4
LFP-LPU-Py - 7 % lactose, 0.45 % PVA, US 6.9 45.5 42.8 4.9
LFP-neat-Py - neat LFP 12.4 20.0 59.6 8.0

We investigated the effect of different carbon precursor coating on the LFP base material
compared to the calcined control sample (LFP-neat-Py) by high resolution deconvolution of
the C1s and O1s spectra. The XPS survey of the control and pyrolyzed samples containing
lactose (LFP-L-Py), lactose-PVA (LFP-LP-Py), and ultrasonicated lactose-PVA (LFP-LPU-
Py) clearly shows the elemental peaks of P, C, O and Fe, respectively (Fig. 5.10a). Due to
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the presence of iron, the only lithium (Li1s) peak cannot be quantified, as they overlap.
The Fe2p signal has a sensitivity factor over ten times greater than Li1s, also compared to
peak intensity of carbon, lithium provides a very low sensitivity, approximately 1/18 that
of carbon.[144] The calibration of all the samples peaks referred to the C1s species, corre-
sponding to the adventitious carbon from the XPS instrument. In LFP-LP-Py, deconvoluting
the C1s signal (Fig. 5.10b) yields four peaks, the binding energy at 285.0 eV (C−C/C−−O)
assigned to aliphatic and aromatic structures, 286.8 eV (C−O−C/C−O) ascribed to epoxy
carbon and hydroxyl carbon, 288.0 eV (C−−O) corresponds to carbonyl carbon and 289.2 eV
(O−C−−O) represent carboxylate carbon.[145] Fig. 5.10c shows the O1s core level spectrum:
the binding energy at 530.5 eV (M−O) is characteristic of the "O2- (OI)" ions of the crystalline
network bonded to a metal,[146] indicating Fe−O shear the orbital O1s in LiFePO4 linkage.
The characteristic peak at 531.8 eV (C−−O/O−C−−O) is attributed to the superoxide anions
"O- (OII)" and the peak at 533.5 eV (C−O) represent the superoxide anion "O2- (OIII)".[147]
Comparing the high resolution spectra (ESI Fig. 3S)† and the atomic percentages (at. %) of
the samples illustrated in Table 5.4 showed a higher proportion of C−O groups in the lactose
sample, compared to lactose-PVA and the ultrasonicated one.

Table 5.4 Identification of functional groups and their at. % obtained from high resolution
XPS spectra, fitting of the C1s (top) and O1s peaks (bottom). Raman intensity ratio between
carbon’s D and G bands (bottom, last column).

Sample (C1s) C−C/C−−C C−O/C−O−C C−−O O−C−−O
LFP-L-Py 36.9 4.6 1.2 3.2
LFP-LP-Py 37.6 3.0 1.9 3.0
LFP-LPU-Py 36.8 3.3 1.9 2.7
LFP-neat-Py 18.1 1.1 – 1.7
Sample (O1s) M−O C−−O/O−C−−O C−O ID/IG
LFP-L-Py 7.2 40.7 4.5 0.77(3)
LFP-LP-Py 7.3 42.9 3.0 0.76(1)
LFP-LPU-Py 7.8 42.7 3.4 0.76(3)
LFP-neat-Py 13.0 64.4 1.7

Similarly, a higher proportion of metal oxides is detected in the ultrasonicated sample com-
pared to lactose and lactose-PVA samples. Instead, the at. % of the functional groups
C−C/C−−C is higher in the lactose-PVA powder compared to the other two. No other signif-
icant differences between the carbon and oxygen high resolution spectra could be observed
in the coated samples. In comparison, the control sample LFP-neat-Py consist of very low
at. % of aliphatic, aromatic and epoxy carbon, in addition no presence of carbonyl carbon,
which justifies the uncoated behavior of the control sample (low percentages of C−O link-
ages are due to the presence of adventitious carbon). Instead, the control sample shows high
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percentages of metal bonding (M−O) due to the interaction of metal with oxygen in the
LiFePO4 base compound; this justifies that the interaction between oxygen and carbon been
created by addition of the carbon precursors and the carbon coat adheres chemically with the
LiFePO4. We further investigated the LiFePO4/C powders by calculating the intensity ratio
between the D and G bands of carbon with Raman spectroscopy (ID/IG) (Fig. 5.10d). The
D band (1345 cm−1) is associated with out of plane vibrations: disordered sp3 tetrahedral
amorphous carbon. The G band (1600 cm−1) correlates to in-plane vibrations: graphitic sp2

carbon.[148] The three samples’ spectra overlap with no statistical differences, and the ID/IG
is as-well invariant (one-way ANOVA test, p = 0.49, Tab. 5.4). This further confirms that
the carbon coating is chemically equivalent and differs only in terms of morphology between
the three main samples (carbon-grid, TEM).

5.4.8 Electrochemical tests

Small particles, with a narrow size distribution, are more stable during cycling (by linearly
extrapolating the trend between the 30th to 45th cycle). The spray dried LFP powder with
lactose, with a D4,3 diameter of 7(3) µm (distribution at one standard deviation) is stable
after 15 cycles (red circles, Fig. 5.11).

Figure 5.11 Preliminary test of cyclability at 0.1C discharge rate. PVA creates larger sec-
ondary particles, and a material with poor cyclability. Adding PVA and lactose stabilizes
the trend, despite the same particle size. Smaller particles improve the discharge capacity.

Increasing the secondary particle diameter to 12(10) µm, broadens the distribution and the
cyclability rate drops twice as fast with respect to the previous material (yellow diamonds).
PVA increases the viscosity of the slurry, and the size of the particles (32(23) µm). The
discharge capacity drops sooner and one battery fails, due to incomplete carbon coverage
and probably mechanical detachment of the material (black upwards triangles). On the other
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hand, adding lactose and PVA, maintains both batteries active and relatively stable, despite
the larger particle size: 32(21) µm (green downwards triangles). Therefore, we optimized the
spray drying conditions to deliver a fine powder (D4,3 = 10 µm). Spray drying the suspension
without binders and calcination, produce a material with poor electrochemical capacity (due
to the lack of a carbon coat and sintering) but stable cyclability (blue squares, Fig. 5.12).

Figure 5.12 Cyclability at 1C discharge rate, and 0.1C for the neat LFP and the colloidal
silica. Error bars represent 1 standard deviation, n=2. Adding PVA significantly improves
the cyclability of the battery vs. the lactose based material (p < 0.02).

The addition of colloidal silica to a neat LFP suspension and calcination increases the dis-
charge capacity by 40 % (yellow diamonds). Both materials sinter after calcination, but the
colloidal silica slows the process by steric hindrance over the LFP surface, and the result-
ing Sa is 80 % higher (5.1 m2 g−1 vs. 2.8 m2 g−1 neat-LFP). Subsequently, we optimized the
binder formulation, aiming for a 3 % carbon coating after pyrolysis. During spray drying with
binders, to compensate for the LFP suspension’s higher viscosity, we increased the atomiza-
tion pressure to 0.40 MPa and obtained particles with a mode below 12 µm. We prepared
three powders with similar characteristics after pyrolysis, in terms of: carbon content, sec-
ondary particle size and Sa (Table 5.1). For the first, we spray dried a suspension of LFP
with 14.5 % lactose (mass basis on dry LFP, LFP-L-Py, red circles). Then 11 % lactose and
1 % PVA (LFP-LP-Py, black upward triangles). While the third sample contained 11 % lac-
tose, 1 % PVA and was ultrasonicated before and during spray drying (LFP-LPU-Py, green
downward triangles), to compare the role of US as dispersing force. All materials are initially
cycled at 0.1C for 10 cycles (not shown) and have a rapid activation, reaching the maximum
capacity after 6 cycles. During the first 100 cycles the materials behave similarly, with no
statistical differences (ANOVA on ranks test, p = 0.33). After, however, the lactose-based
material’s discharge capacity quickly fades, while the lactose-PVA materials remain con-
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stant. This supports the hypothesis that the carbon-cage helps to dissipate the charge and
maintains the nanoparticles cohesive, thus improving the cathode’s cyclability. We repeated
and extended the cyclability tests over 750 cycles at 1C (Fig. 5.13), and to avoid charge
accumulation and dendrite formation, one every 10 cycles is conducted at 0.1C.[75]

Figure 5.13 Normalized cyclability at 1C discharge rate (one every 10 cycles is conducted at
0.1C and not shown on the graph for simplicity). Lactose-PVA confer greater stability, the
coin-cell battery would retain 80 % of the initial capacity after 1700 cycles (vs. lactose: 1100
cycles). Ultrasonication shortens the PVA’s chain length and induce instability in the trend.

This methodology gives us a better understanding of the cathode’s aging process, as the
crystalline matrix deforms during Li+ intercalation. This results in mechanical stress that
fractures the cathode and isolate part of the nanomaterial, consequently the discharge capac-
ity drops. At 750 cycles, LFP-LP-Py retains 91 % of the initial capacity (150.7 mA h g−1 at
1C). LFP-L-Py 86 % (153.7 mA h g−1 at 1C). Both materials decline linearly, but the carbon
cage further extends cyclability by 50 % vs. the lactose-based material. LFP-LPU-Py retains
81 % (initial: 150.0 mA h g−1 at 1C). Despite having an even better cyclability up to 100
cycles, the material quickly deteriorates and the trend becomes unstable. The PVA’s chain
length after ultrasonication is shorter, and the resulting carbon-cage does not connect the
nanoparticles together (TEM). We speculate that ultrasonication induces a better dispersion
of the lower-end tail of the primary particle size distribution. Small nanoparticles tend to
clump together into bigger, more resistant clusters. Ultrasound breaks these clusters and the
spray dried powder is less resistant to mechanical stress, and ages faster. This explains the
lower cyclability, but the better rate performance with respect to the lactose based material,
as the carbon cage still plays a role in dissipating the electric charge more efficiently.

Galvanostatic cycling at 0.1C, for LFP-LP-Py, LFP-LPU-Py and LFP-L-Py, shows a sin-
gle flat plateau at 3.4 V versus Li+/Li, indicating the two-phase reaction between the LFP
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Figure 5.14 Rate performance (bottom-left axes, symbols) and Galvanostatic curves (top-
right). The addition of high-Mw PVA (black lines and upward triangles) creates an extended
carbon grid that better distributes the electric charge across the LFP nanoparticles, improv-
ing the discharge capacity.

triphylite and the heterosite FePO4 upon lithiation/de-lithiation reactions (Fig. 5.14). No ex-
tra plateau related to impurity phases was observed. A polarization of 50 mV was observed
for all three samples indicating that all three samples are sufficiently well carbon coated
for this cycling.[149] In the rate performance test, the capacities at different C-rate (0.1 to
10) were normalized with respect to the capacity at 0.1C (Fig. 5.14). The rate capabilities
of the samples up to 10C are comparable to what is typically found for high performance
materials.[150, 14] By increasing the C-rate, the difference in rate capability between these
three samples becomes more obvious. LFP-LP-Py exhibited the highest discharge capacity of
135 mA h g−1 at 10C (84 % normalized capacity vs. initial: 161 mA h g−1 at 0.1C); LFP-LPU-
Py 123 mA h g−1 at 10C (79 % vs. initial: 156 mA h g−1 at 0.1C); and LFP-L-Py 124 mA h g−1

at 10C (77 % vs. initial: 162 mA h g−1 at 0.1C). Considering the pyrolyzed powders contain
94.9(4) % LiFePO4 active material (the rest is carbon and γ-Li3PO4), LFP-LP-Py reaches the
maximum attainable capacity at 0.1C: 169.7(7) mAh/g(LiFePO4) (170 mA h g−1 theoretical).
The discharge curves have flat plateau up to 1C for all materials (Fig. 5.15). By increasing
the discharge rate up to 5C, a single plateau is still found for the lactose-PVA material (solid
line). The addition of high-Mw PVA creates an extended carbon grid, interconnecting LFP
primary particles, that minimizes the polarization of the cathode during discharging. While
for the other two samples, the discharge curves progressively fall shorter and the plateau
disappears, indicating polarization (i.e. kinetic limitation) in the materials.
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Figure 5.15 Discharge curves at increasing C-rates. An extended carbon-grid (solid line)
dissipates the charge more efficiently at high C-rates with respect to a shorter carbon-grid
(dashed) or no grid (dotted).

5.5 Conclusions

Melt-synthesized LFP nanoparticles, spray dried and coated with lactose and PVA, delivers a
high-performance LiFePO4/C cathode material (135 mA h g−1 at 10C). We propose an indus-
trially scalable route, from solid state reactions, to LFP nanoparticles suspended in water.
The slurry feeds a 0.8 m I.D. spray dryer, that generates 7 kg h−1 of mesoporous powder,
promoting Li+ wettability and providing a homogeneous dispersion of the carbon precursors,
even inside the secondary particles. A fine powder (D4,3 < 12 µm) improves cyclability, but
a suspension containing PVA is more viscous and spray drying requires 0.40 MPa to atomize
the slurry. We model the suspension rheology, based on shear, temperature, LFP and PVA
loading in water. We prove that high-Mw PVA pyrolyzes into a carbon-cage that intercon-
nects the nanoparticles and we model the pyrolysis step, as part of the carbon gasifies. The
cage forms carbon-nanopores averaging 1.4 nm in diameter, and contributes to 30 % of the
Sa. The electrically conductive carbon-cage dissipates the charge more efficiently at high C-
rates, and a bigger cage improves the cyclability by holding the nanoparticles together. This
reduces the mechanical stress due to lattice deformation of the LFP’s crystallites during Li+

de/intercalation, and delays the cathode’s fracturing. Colloidal silica is an excellent filling
agent and could lead to an even more cyclable cathode when coupled with lactose and PVA.
Ultrasonication depolymerizes PVA; the resulting carbon-grid is smaller, does not intercon-
nect the LFP nanoparticles, and induces battery failing. However, changing the acoustic
frequency and amplitude, may better disperse the suspension without fragmenting the PVA
chain.
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CHAPTER 6 GENERAL DISCUSSION

We demonstrated that spray drying is capable of producing LFP powders at 7 kg h−1 at the
pilot scale. The Bloomberg’s 2018 New Energy Outlook report forecasts 550 G$ investments
in new battery capacity installations by 2050. Assuming a battery cost of 200 $/kWh (average
2019 price), a LiFePO4 cathode capacity of 110 W h kg−1, and a linear investment progression;
the world needs a total output of 0.8 million tonnes of cathode per year. In 2013, the GEA
company manufactured the world’s largest dairy spray dryer, with a capacity of 30 tonnes
of milk powder per hour, by drying around four and a half million liters of liquid milk
daily (180 000 kg h−1). A single similar unit would almost supply the world’s entire cathode
production, drying a staggering 2 million tonnes of cathode suspension per year.

Upon revision of the proposed description for the formation of doughnut-shape secondary
particles and discussion with an expert in drying technologies, a better explanation for the
formation of the doughnut morphology is proposed, involving the formation of a single blow-
hole in the center of the droplet.[151, 152] As the droplet dries, a rigid shell of nanoparticles
forms on the outside of the particle, moisture evaporation encounters a resistance in the
flow and steam pressure creates a cavity (blowhole) in the center of the droplet. As mois-
ture leaves the dried particle, the blowhole collapse and siphon the nanoparticles, forming a
doughnut-shape.[110]
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6.1 Powder formation: atomization and drying

The powder formation can be described in two steps: atomization and drying. The atomizing
air 50 m s−1 to 330 m s−1 blasts co-currently the suspension feed (flowing at 0.05 m s−1 to
2 m s−1 through the nozzle bore). The kinetic energy of the air shatters the liquid jet into
ligaments and then droplets. The turbulent nature of the atomization process and velocity
gradient inside the jet creates a distribution of droplet diameters. Once dried, this reflects
the particle size distribution of the final product (Figure 6.1).

Figure 6.1 Three models describe the measured particle size distribution: the skew-normal
distribution has the best fit (R2 >99 %).

For general atomization applications using dual-fluid nozzles, three liquid properties are rel-
evant: air-liquid relative velocity, surface tension, and viscosity. The kinetic energy balances
the surface tension over the formation of new surface area. Viscosity inhibits the develop-
ment of instabilities in the liquid jet emerging from the nozzle, and generally delays the onset
of atomization.[153] The Weber number describes the energy balance, while the Ohnesorge
number represents the ratio between the perturbations’ viscous dissipation forces and the
elastic force acting on the surface of a fluid. The smaller the droplet desired, the greater the
Ohnesorge number and the longer the time required for the liquid stream to equilibrate to the
final dimension.[110] However, the feed material used for this work is shear thinning, at worst
the Ohnesorge number is not greater that 0.5 (if below 30 % solid loading and without organic
binders). Generally for Ohnesorge numbers less than 0.1, there is no significant change in
droplet size in capillary jets.[154] Between 0.1 and 1 there is transition, thus making viscosity
a low impacting parameter for modeling. Drying insists on the surface of the droplet. The
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solvent evaporates while the primary particle migrates and agglomerate by van der Waals
forces, leaving a round dried LFP secondary particle. This proposed mechanism agrees with
literature:[155] the Peclet number of the droplet at worst conditions is 0.3 (at the nozzle tip,
where the relative velocity is maximum). When the Peclet number is smaller than 1, the
primary particle diffusion is faster compared to the radial velocity of the receding droplet
surface.[156] This assumes a homogeneous composition inside the drying particle, avoiding
the formation of a crust and blow-holes.[157]

For gas velocities < 140 m s−1, atomization creates droplets too big to be dried in time,
wetting the internal walls of the spray dryer and lowering the yield. The resulting powder
in these conditions reflect an atomization, in which only the lower distribution tail — the
small droplets — is actually dried. In Figure 6.2, we were expecting 35 µm dried particles
at 53 m s−1. While 20 µm in the second. For the laboratory scale Yamato spray dryer, the
biggest particle mode obtainable without binders[7] was only 16 µm with a low yield of 14 %.
The higher the atomization gas speed, the smaller the particle obtained, since more kinetic
energy is allowed to create more droplets surface. While higher inlet temperatures lead to
bigger particle formation, due to variation in density of the drying gas.

Figure 6.2 Nozzle n.4, same batch feed material, at concentration of 0.32 wt./wt. The bars
represent the particle size distribution’s standard deviation.

We use two semi-empirical approaches to calculate the final droplet size, not accounting for
the distribution effect. The most simple consists in using the Weber number to calculate the
spherical droplet diameter:[110]

DWeber
drop = We · σ

ρdg · v2
ag

(6.1)
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where σ, N m−1 is the surface tension of the slurry. ρdg, kg m−3 is the drying air density,
calculated using the ideal gas law at the inlet temperature. The vag, m s−1 is the atomizing
gas relative velocity with respect to the liquid flow. We is a constant dependent on the
nozzle type and dimension. It is obtained after performing one experiment and matching the
resulting particle size distribution mode with the result of this model. We obtained a value
of 6 for the nozzle n.4, 15 for the A series of nozzles (because they have the same annulus
surface area) and 14 for the remaining three (the annulus is slightly smaller).

Arthur Lefebvre[158] created an analogue equation for estimating the droplet diameter —
a polynomial accounting for the Weber and the Ohnesorge numbers, based on external air
blast type nozzles. So in this model, also the viscosity and flow properties like the air/liquid
mass ratio are taken into account.[82]

DLefebvre
drop = 0.00333 · (σρldl)0.5ρ−1

dg v
−1
ag (1 + ml

mg
)+

0.013 · µ
2
l

σρl

0.425

d0.575
l (1 + ml

mg
)2

(6.2)

where the additional parameters are: ρl, kg m−3 is the slurry density, dl, m is the nozzle
air internal diameter (parameter C on table 4.1), ml and mg, kg s−1 are the mass flowrate
of liquid and atomizing air respectively and µl, Pa s the suspension dynamic viscosity. We
found that the Weber approach better describes systems with Oh ≤0.5, because of the fitting
of the We constant with the data (R2 91 %), for example when the concentration is below
50 %. Instead, the Lefebvre model is less accurate but more consistent over a wider range of
conditions, R2 78 % (Figure 6.3).

We use the material properties to finally get to the spherical particle diameter:

Dparticle = 3

√
D3

drop · ω ·
ρl

ρp
(6.3)

where ω, g g−1 the mass fraction of solid in the slurry and ρp, kg m−3 is the particle density,
obtained after mercury porosimeter analysis over two representative experiment and assumed
constant for all the other analysis (1600 kg m−3). This assumption only marginally impacts
on the solid particle diameter: a 10 % increase in the particle density only decrease the
Dparticle by 3.7 %.
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Figure 6.3 Bars represents the measured spray dried particles’ standard deviation, not all are
reported.
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6.2 Suspension density, Nozzle’ spray cone angle and infra-red investigation of
the nozzle temperature

6.2.1 Materials and methods

Density A 100.0(5) mL graduated cylinder measured the volume, while a laboratory balance
(±20 mg) the net weight. The slurry density ρL was measured after mixing and removal of
the floating foam. The powder bulk density ρB by pouring the material through a funnel.
The powder tapped density ρT by tapping the powder in the cylinder until compacted so
that the volume remained constant during 1 min.

Spray angle A camera recorded a series of images of the spray cone angle, varying the
atomizing pressure (0.5 barg to 3 barg), the inlet temperature (240 ◦C to 300 ◦C) and the water
flowrate (25 mL min−1 to 75 mL min−1). An image processing software (ImageJ 1.5)[159]
calculated the spray cone angle.

Infra-red camera A FLIR T620-25 Thermal Imaging Camera took the infra red pictures
(from 2 µm to 20 µm wavelength), the emissivity coefficient was adjusted to water: 0.96 to
have a precise measure for the temperature of water. The steel’s skin temperature therefore
deviates from the actual temperature, as it’s emissivity coefficient changes significantly (pol-
ished steel: 0.07, oxidized steel: 0.8). A NaCl window allowed to take the IR picture inside
the spray drying chamber.

Results and discussion

6.2.2 Slurry density

The liquid density ρL, g cm−3, linearly correlates with the composition of the slurry R2 =
97 %, where ωi gi/gTOT is the mass fraction of i = LFP, lactose, water; and ρi (g cm−3) is the
skeletal density of the material i at room temperature (lactose: ρsk = 1.5 g cm−3, Eq. 6.4).

ρL = 1∑ ωi

ρi

(6.4)

Deviations are positive, proportional and due to a systematic error: above ωLFP = 30 %,
mixing incorporates small bubbles that do not separate or foam on top. At ωLFP = 50 %, ρL
measures are depressed by 0.05 g cm−3, which corresponds to an air mass fraction of 0.003 %
in the slurry.
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6.2.3 IR and nozzle temperature

Spraying deionized water at 27 ◦C, inside the spray dryer’s chamber at 27 ◦C (room temper-
ature) produced a fine mist which equilibrates at the wet bulb temperature of water (21 ◦C)
flowing in a 92 kg h−1 flow of “hot” air (Fig. 6.4).

Figure 6.4 The slow evaporation rate allows to identify the spray pattern. Temperature (in
◦C) is displayer on the right, with a color-coding gradient.

Increasing the inlet temperature of the drying gas to 250 ◦C, with a flow of 100 mL min−1 of
deionized water, increased the temperature of the nozzle to 57 ◦C. However, the emissivity
of the inlet intake of the hot drying air is small compared to the emissivity of the chamber,
and the camera records a a maximum inlet temperature of 102 ◦C (Fig. 6.5).

Zooming closer to the nozzle/intake portion of the chamber allows the camera to record a
better reading for the temperature of the hot air. We also reduced the flow of water to
25 mL min−1 and in these conditions the nozzle loses the cooling contribution from the flow
of water and temperature increases to 85 ◦C (Fig. 6.6).

Increasing the water flow to 180 mL min−1 demonstrate this phenomena and nozzle temper-
ature decreases to 62 ◦C (Fig. 6.7).

Spray drying a suspension of 50 % LFP in water at 100 mL min−1 immediately produced a
mist of dust and particles floating in the chamber. The emissivity of a mesoporous LFP
particle is unknown and data is still calibrated to water, but we can appreciate that the
temperature is low at the nozzle: 49 ◦C and also the dried powder remains cool: 62 ◦C
(Fig. 6.8). Quickly the chamber got filled with dust and it was impossible to distinguish the
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Figure 6.5 Temperature (in ◦C) is displayer on the right, with a color-coding gradient.

internal components of the chamber, as the IR image became blurred.
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Figure 6.6 Low liquid flows reach higher temperatures as they heat up flowing through the
nozzle. Temperature (in ◦C) is displayer on the right, with a color-coding gradient.

Figure 6.7 At 180 mL min−1 the liquid contact time inside the nozzle decreases to 4 s, de-
creasing also the specific heat flow from the hot metal. Temperature (in ◦C) is displayer on
the right, with a color-coding gradient.



82

Figure 6.8 The “fog” inside the chamber demonstrates that the particles dry at the wet bulb
temperature and do not overheat. Temperature (in ◦C) is displayer on the right, with a
color-coding gradient.
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6.2.4 Spray cone angle

Figure 6.9 Error bars for a CI95 %
n=3 , the difference between the two groups is statistically

significant regarding temperature (p < 0.05, two-tail t-test), but not regarding the liquid
flowrate. Data in the transition zone are not regressed.

The dual fluid nozzle creates a conical spray pattern, whose angle gets narrower as the
atomizing pressure increases. When the upstream atomization pressure exceeds 0.9 barg, the
air flow in the nozzle becomes choked and the spray cone angle decreases suddenly. The inlet
temperature of the drying air also helps in decreasing the cone angle: the drying air impact
the spray cone on the outer annulus (Fig. 6.10), at a constant mass flow rate of 80 kg h−1 the
drying air expands and the gas velocity increases by 10 % from 240 ◦C to 300 ◦C, imposing a
narrower spray pattern. Different water flow rates do not alter the cone angle for our set of
conditions (ALR: 0.5 - 2.0) (Fig. 6.9).

A two parameter model is proposed to describe the subsonic and choked flow conditions (Eq.
6.5). The spray cone angle (SCA, ◦) regress in a linear fashion regarding the atomization
pressure (Pup, barg) and inversely proportional with respect to the inlet drying air tempera-
ture (Tin, K). In subsonic conditions β0 = 39000, β1 = -7100 and the standard error of the
estimate is 2◦, R2 = 67 %. Indeed, when ALR <1, the spray is unstable and the angle fluc-
tuates overtime; this leads to a greater variance in the data. While in choked flow conditions
β0 = 26000, β1 = -2300 and the standard error of the estimate is 0.8◦, R2 = 96 % (Sigmaplot
12.5 R©).

SCA = β0 + β1Pup
Tin

(6.5)
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Figure 6.10 Nozzle and top portion of the chamber.
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6.3 Experimental design and results on the pilot spray dryer

We decided to follow a partial factorial experimental design in which we consider the variation
of one factor at a time. (Table 6.1-6.5).
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Table 6.1 Experimental design and results of the pilot spray dryer (1/5).
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Table 6.2 Experimental design and results of the pilot spray dryer (2/5).
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Table 6.3 Experimental design and results of the pilot spray dryer (3/5).
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Table 6.4 Experimental design and results of the pilot spray dryer (4/5).
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Table 6.5 Experimental design and results of the pilot spray dryer (5/5).
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6.4 Article highlights and scientific contribution as author

Here we list the author’s scientific contribution and articles’ highlights as first author

6.4.1 INFLUENCE OF ATOMIZATION CONDITIONS ON SPRAY DRYING
LITHIUM IRON PHOSPHATE NANOPARTICLE SUSPENSIONS

Published in 2018, in the Canadian Journal of Chemical Engineering, under the special issue
Melt Synthesis of LiFePO4 for batteries.[84] (Chapter 4)

Article highlights

• Agglomeration of LFP nanoparticles into a porous micron-sized particle.

• Weibull distribution best fits the particle size distribution.

• Correlation of drying and atomization to particle size, density, residual moisture.

• Drying at 200 ◦C maximize the powder surface area.

• Bulk density increases with feed concentration.

Scientific contribution We prepare — via spray drying — a LiFePO4 powder, starting
from a suspension of nanoparticles in water.

We correlate how the drying conditions in the chamber and the atomizer affect the particle
morphology, size distribution, density and flowability for both the liquid suspension and the
solid powder.

We are the first to offer a modeling interpretation of the results and we disclose how the
particle porosity and surface area are optimized with respect to temperature and particle
size.

The feed material derives of a melt-synthesis process and we are the first to characterize its
morphological properties and the process feasibility at the laboratory scale .

We assess the scale-up criteria for a future pilot unit regarding nozzle dimensions, atomization
pressure and drying temperature.

6.4.2 LiFePO4 SPRAYDRYING SCALE-UP AND BINDERS FOR IMPROVED
CYCLABILITY

Submitted in 2019 to: Johnson-Matthey for review, later to Energy & Environmental Science
for publication. (Chapter 5)
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Article highlights

• We demonstrate the scale-up for LiFePO4/C production in a pilot spray dryer unit.

• High-Mw polyvinyl alcohol pyrolyzes into a carbon grid that interconnects the LFP
nanoparticles.

• High-Mw polyvinyl alcohol and lactose improve the discharge rate and cyclability of
the cathode.

• We propose a rheological model for the nanoparticle suspension, based on shear, tem-
perature, LFP and PVA loading in water.

• We correlate particle size, carbon precursor and ultrasonication to discharge rate and
cyclability.

Scientific contribution The research scale-up cathode technology, and assess feasibility
from a melt synthesis, milling, and we are the first to scale-up and test spray drying; produc-
ing 7 kg h−1 of mesoporous powder in a 0.8 m I.D. spray dryer, and test the electrochemical
properties of this material.

We ensure that laboratory-scale criteria and performance are respected or improved.

We characterize the starting material from the melt-cast synthesis, milling and spray drying,
assessing no material alteration during the process.

We are the first to model the nanoparticle suspension rheology, based on shear, temperature,
LFP and PVA loading in water.

We are the first to quantify the carbon gasification loss, during pyrolysis, based on different
carbon precursors; and characterize the type carbon coat based on morphology, chemistry
and microporosity.

We prove that high-MW PVA pyrolyzes into a carbon-grid that interconnects the nanoparti-
cles and we model the pyrolysis step, as part of the carbon gasifies. We propose a mechanical
effect, for the carbon grid, in connecting and holding together the nanoparticles.

We are the first to test ultrasonication as dispersing force, and colloidal silica as additive,
and test the electrochemical properties of the cathode material.

We are the first to correlate secondary particle size, carbon precursor and additives, the effect
of ultrasonication, versus micro and mesoporosity, particle morphology, chemical characteri-
zation of the carbon surface and electrochemical properties of the cathode material.
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We discovered that the addition of high MW polyvinyl alcohol pyrolyzes into a long-range
carbon grid that improves even further the discharge rate and cyclability of the base lactose-
covered material. Material characterizations at the nanoscale support our claims and spray
drying applies to many research areas dealing with nano-meso porous powders. Our contri-
bution would be beneficial to other authors dealing with nanomaterials, porosity, powder,
suspensions and dispersion technologies.

6.4.3 EXPERIMENTAL METHODS IN CHEMICAL ENGINEERING: NU-
CLEAR MAGNETIC RESONANCE

Published in 2019, in the Canadian Journal of Chemical Engineering, under the special issue
Experimental Methods in Chemical Engineering.[160] Selected as front-page for the “March
2019 Canadian Journal of Chemical Engineering issue highlights” (Chapter ??)

Article highlights

• Chemical engineers apply 1H liquid NMR for polymer analysis most.

• Major research clusters: aqueous sol’n, biotech, chemosensor, solid-state & simulation.

• Benchtop NMR analyzes small molecules on-line but sacrifice resolution.

• NMR quantifies composition, reaction kinetics, mechanism, and structure.

Scientific contribution Nuclear magnetic resonance (NMR) spectroscopy measures free
induction decay signals that spin-active atomic nuclei emit when excited by a radio-frequency
pulse, in a static magnetic field. The spectrum shows peaks; whose position, area and
multiplicity, correlate to molecular structure, bonds, functional groups, and purity.

We highlight the strength, detection limits and sources of error for NMR spectroscopy and
its applications.

Researchers publishing in The Canadian Journal of Chemical Engineering focus most on:
liquid-state characterization for: polymers, reaction kinetics and equilibrium.

A bibliometric network map links NMR in 5 research clusters: solid-state analysis; biology
and metabolomics; crystal structure; liquid-state analysis for polymers, aqueous solutions,
nano-particles, drug delivery; and chemosensors. We are the first one to report the interaction
between the different research areas, and highlight how different sectors connect to each other.

We follow up the recent development of benchtop NMR and give a concise description of the
instrument and the theory behind the measure.
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We believe that this document will be helpful for non-practitioners and young researchers to
grasp how it works, have a clear and direct overview of the possible applications; highlighting:
limitations, source of errors, detection limits and costs.

6.5 Article highlights and scientific contribution as co-author

Here we list the author’s direct scientific contribution as co-author in a series of papers
related to spray drying, powder technologies, laboratory work, experimental design, kinetic
and statistics data analysis. The author was able to lead a team and collaborate cross-team
while managing multiple projects: design and synthesis of cathode materials, heterogeneous
catalysts, kinetic modeling and ultrasonication reactions.

6.5.1 Spray dried SiO2 WO3/TiO2 and SiO2 vanadium pyrophosphate core-shell
catalysts

N. Saadatkhah, M. G. Rigamonti, D. C. Boffito, H. Li, and G. S. Patience

Published in 2017, in Powder Technology.[7]

Fluidized bed reactors require spherical catalytic particles of 70 µm to 500 µm is size, with a
strong mechanical resistance to sustain the attrition inside the reactor. In this manuscript we
spray dry WO3/TiO2 vanadium pyrophosphate catalysts, but the resulting material has poor
attrition resistance. The addition of a combination of colloidal silica, polyvinyl alcohol and
H3PO4 formed a thin shell of silica around the secondary particles. We investigate drying
temperature, particle agglomeration, suspension concentration and nozzle blocking.
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6.5.2 Spray dried TiO2/WO3 heterostructure for photocatalytic applications
with residual activity in the dark

H. Khan, M. G. Rigamonti, G. S. Patience, and D. C. Boffito

Published in 2018, in Applied Catalysis B: Environmental.[8]

We spray dry a sol-gel of TiO2 and a crash precipitated suspension of WO3 to create a micron
sized TiO2/WO3 heterostructure. The material is perfectly dispersed thanks to the short
drying time and small particle size (12 µm), the synthesis creates nano-crystallites which
creates 220 m2 g−1 of surface area. Surprisingly, the heterostructure maintains a residual
catalytic activity for the degradation of methylene blue even after we stop the UV light
irradiation.

EXPERIMENTAL

A Quantachrome Autosorb-1 recorded the N2 adsorption and desorption isotherms at 77
K, after degassing the sample under vacuum at 200 ◦C for 20 h. The weight change after
and before degassing estimates the residual solvent remaining on the material after spray
drying. The Brunauer-Emmett-Teller (BET) theory estimates the specific surface area (P/P0
0.05-0.30, C constant 50-200). The Barrett-Joyner-Hallender (BJH) theory estimates the
mesopore size distribution (desorption branch, P/P0 0.15-0.995). The V −tmethod calculates
the characteristic pore size, volume and specific surface area for microporous samples (DeBoer
thickness). The total pore volume is evaluated at the maximum filling pressure (P/P0 0.995),
integrating pores smaller than 330 nm in diameter.

Hybrid powder synthesis

Titanium Precursor : Tungsten Precursor : Ethanol : Formic Acid : Water : Hydrochloric
Acid (ml) 9.9 : 0.075 : 29.19 : 0.5 : 27 : 15

Spray Drier Conditions

Drying Air: 0.2 m3 min−1

Outlet Temperature: in range of 115 ◦C - 125 ◦C

Inlet Temperature: 270 ◦C

Atomizing Air: 0.4 barg

Pump speed: 2.5

Spray nozzle diameter: n.4

RESULTS AND DISCUSSION
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The spray dried materials have overlapping type I(b) - type II isotherms, indicating the
coexistence of micro, meso and macropores (Figure 6.11). Type I(b) is associated with
materials with broad micropore size distribution and narrow mesopores (< 2.5 nm). Type II
reveal a macroporous structure due to the lack of plateau at the maximum filling pressure.
WO3 sample has a type 2 hysteresis, attributed to pore-blocking or percolation as the pore
diameter reduces in size at the neck. All other samples have a type 3 hysteresis associated
to plate-like aggregates connected through a network of macropores, incompletely filled with
the adsorbate (Table 6.6).

Figure 6.11 Nitrogen adsorption-desorption isotherms of the calcined control and hybrid
powders.[8]
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Table 6.6 N2 physisorption data.
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6.5.3 Water treatment: Mn-TiO2 synthesized by ultrasound with increased aro-
matics adsorption

M. Stucchi, A. Elfiad, M. Rigamonti, H. Khan, and D. Boffito

Published in 2018, in Ultrasonics Sonochemistry.[138]

Contributor for surface analysis and porosimetry measures. We regressed the adsorption
reaction data to an equilibrium kinetic using acetaminophen, APAP and amoxicillin, AMO
as template pollutants.

Amoxicillin degradation’s kinetic

We linearly regressed the degradation of amoxicillin into its sub-products with the integral
method assuming a variable-volume (V (t)) isothermal batch reactor and measuring the vari-
ation of moles of AMO (N) over time (t). The temperature increased, reached steady state
after 60 min; however, temperature variation did not deviate the initial data from the lin-
ear regression. For this reason, we neglected the effect of temperature and assumed the US
emissions as the main degradation pathway for our substrates. We hypothesized a zero-order
degradation kinetic, dN/dt = -k0 * V(t) because the first and second order linear regression
gave lower R2 correlation coefficients or presented data inconsistency (on average, 90 %, 84
% and 89 % respectively, table 6.7).

Table 6.7 AMO’s degradation regressed zero and second order kinetic constants.

We interpolated the zero-order degradation kinetic (k0(P), mol L−1 min−1) with respect
of the US power (P , watt) at 100 ppm AMO concentration, with a polynomial quadratic
function (R2: 98 %).

k0(P ) = -1.0 * 10−9P 2 + 6.3 ∗ 10−8P − 5.3 ∗ 10−7

The choice of a linear, vs. quadratic, or higher order polynomial depends on the significance
(p-value) of each effect (Figure 6.12).
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Figure 6.12 Correlation between US power and adsorption kinetic constant for Amoxicillin.

The proposed model accounts for 90 % of the variance in the data, R2 when we correlate
the measured AMO conversion versus the regressed conversion as a function of the US power
(Figure 6.13):
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Figure 6.13 Experimental and regressed data validation.
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6.5.4 Ultrasound assisted wet stirred media mill of high concentration LiFePO4

and catalysts

H. Li, M. Rostamizadeh, K. Mameri, D. C. Boffito, N. Saadatkhah, M. G. Rigamonti, and
G. S. Patience

Published in 2018, in The Canadian Journal of Chemical Engineering.[86]

(doi:10.1002/cjce.23212)

Under normal conditions, LiFePO4 and vanadyl pyrophosphate can be milled with a surfac-
tant up to a 50 % solid mass fraction. Ultrasonication deagglomerates the cluster of nano-
material that eventually plug the filters of the instrument under heavier solid mass fractions,
allowing to reach 60 % solid mass fraction, 50 % faster than traditional milling (Figure 6.14).

Figure 6.14 Milling vanadyl pyrophosphate over time. The particle size distribution assume
a bimodal trend and most material remains above 1 µm in size without ultrasound (a).
Ultrasound milling speeds-up the process, achieving mostly submicron primary particles (b).
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6.5.5 Gas-phase fructose conversion to furfural in a microfluidized bed reactor

D. Carnevali, O. Guévremont, M. G. Rigamonti, M. Stucchi, F. Cavani, and G. S. Patience

Published in 2018, in ACS Sustainable Chemistry & Engineering.[123]

We prepared spray dried catalyst for a microfluidized bed reactor for the conversion of fructose
to furfural. We tested several formulations to carry out this reaction. Surface area and
porosity analysis correlate with the catalytic activity and coke formation decrease the pore
size volume for pores smaller that 10 nm. A model regress the data as we increase the loading
of WO3 over the TiO2 support.

EXPERIMENTAL

Material Characterization

A N2 physisorption instrument (Quantachrome Autosorb-1) recorded at 77 K the adsorption
and desorption isotherms, after degassing the sample under vacuum at 300 ◦C for 6 h.[106] The
Brunauer-Emmett-Teller (BET) theory regress the specific surface area at P/P0 0.05-0.30 (C
constant 100–200). The Barrett-Joyner-Hallender (BJH) theory estimates the mesopore size
distribution over the desorption branch (P/P0 0.15-0.995). The total pore volume is evaluated
at the maximum filling pressure (P/P0 0.995), considering all pores with a diameter smaller
than 300 nm.

RESULTS AND DISCUSSION

Nitrogen Physisorption

The support (TiO2) dictates the specific surface area, pore size distribution and pore volume
of all analyzed samples (Fig. 6.15). They possess a type IV isotherm with a H2 hysteresis
loop, indicating a mesoporous structure with a narrow distribution of pore necks, inducing
pore-blocking.[122]

Indeed BJH reports a well-defined surface and volume variation between 4 nm to 20 nm
diameter (D98). The BJH dV median increases with the WO3 loading, as more catalyst fills
selectively pores smaller than 10 nm (Fig. 6.16)

The pore volume (PV , cm3 g−1) linearly decreases with the loading, as more catalyst (mass
fraction, ωcat, gWO3

/gtotal) occupies the internal pores of the bare support and when coke (ωC,
gcoke/gtotal) layers on the surface as the reaction progresses. Assuming a linear correlation (Eq.
6.6, R2 = 0.97), the data regress when ρcat = 3.3 g cm−3 and ρC = 0.70 g cm−3. This indicates
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Figure 6.15 All fresh catalysts with loading <5 % express the same trend as the bare sup-
port. Higher loading and used catalysts have occluded pores that decrease the amount of N2
adsorbed.

a non-homogeneous surface coverage as the catalyst (true density ρWO3
= 7.1 g cm−3) and

coke (ρcoke = 1.8 g cm−3 to 2.1 g cm−3) blocks the pores below 10 nm.

PV(ωcat,ωC) = PVTiO2
− ωcat

ρcat
− ωC

ρC
(6.6)

Similarly, the specific surface area (SSA, m2 g−1) proportionally decreases with respect to
the correlated pore volume (PV(ωcat,ωC), cm3 g−1). Assuming a linear correlation (Eq. 6.7),
the data regress with a R2 = 0.93 (Figure 6.17) when basing the equation on the specific
surface area and pore volume of the bare support, SSATiO2

PVTiO2
= 350 m2 cm−3 (Table 6.8).[84]

SSA(ωcat,ωC) =
SSATiO2

PVTiO2

·
(
PVTiO2

− ωcat

ρcat
− ωC

ρC

)
(6.7)

CONCLUSIONS

We were able to correlate the variation of surface area of the catalyst with the loading of our
active material and the amount of carbon deposited during the reaction, based only on the
properties of the support.
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Figure 6.16 The pore fraction below 10 nm is filled as the WO3 loading and coke formation
increases.

Figure 6.17 Pore volume and specific surface area model fitting.
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Table 6.8 BET surface area by nitrogen physisorption, results are within ±3 % (95 % confi-
dence interval), φ pore volume, ∆dV (d) BJH dV (d) mesopore median, coke carbon content
(0.05 % precision, 95 % confidence interval).

BET φ ∆dV (d) coke
m2 g−1 cm3 g−1 nm %

TiO2 64.7 0.185 8.8 na
3 %WO3/TiO2 62.8 0.183 9.6 na
5 %WO3/TiO2 64.7 0.182 9.5 na

10 %WO3/TiO2 58.0 0.160 9.6 na
20 %WO3/TiO2 44.2 0.128 10.3 na

Used 3 %WO3/TiO2 56.7 0.154 9.0 1.60
Used 5 %WO3/TiO2 57.2 0.170 9.6 0.72

Used 10 %WO3/TiO2 57.3 0.158 9.7 0.43
Used 20 %WO3/TiO2 44.0 0.127 10.0 0.18
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6.5.6 Platinum doped WO3/TiO2 catalyst.

EXPERIMENTAL

Material Characterization

An X-ray diffractometer (Philips X’PERT) generated the XRD spectra with a monochromatic
Cu-kα beam, λ = 0.154 06 nm, at 50 kV and 40 mA. We scanned the gonio axis from 20◦ to
85◦, at a rate of 0.01 ◦ s−1. The crystalline phases were identified using the ICDD database
and the Rietveld refinement (X’PERT highscore) gave a semi-quantitative characterization
for the phases’ weight composition. The Scherrer approximation defined the average cubic
crystallite size: D = 0.94λ/βCosθ, where λ is the mentioned instrument wavelength, β is
the full-width at half-maximum peak height (FWHM, rad), and θ is the Bragg angle for the
most intense peak (half of the 2θ position).

The FE-SEM-JEOL JSM-7600F scanning electron microscope (SEM) acquired the SEM im-
ages of the catalyst between 5 kV to 30 kV, using secondary and backscattered electrons
detectors (SEI, LEI and LABE). The energy dispersive X-ray detector (EDS) mapped the
surface of the catalyst and qualitatively quantified the composition and the different phase
regions.

An LA-950 Horiba laser diffractometer measured the particle size distribution (PSD) of the
catalyst dispersed in water. After mixing, the Mie algorithm gave the volume moment mean
diameter D4,3 using the titania refractive index (2.75 + 0i, R and Chi parameter below 0.02).

A N2 physisorption instrument (Quantachrome Autosorb-1) recorded at 77 K the adsorption
and desorption isotherms, after degassing the sample under vacuum at 300 ◦C for 6 h and tak-
ing its weight (Entris224-1S, repeatability 0.2 mg).[106] The Brunauer-Emmett-Teller (BET)
theory regressed the specific surface area at P/P0 0.0005-0.25, depending whether the sam-
ple was meso or microporous (C constant 200–1100). The Barrett-Joyner-Hallender (BJH)
theory estimates the mesopore size distribution for adsorption and desorption (P/P0 0.15-
0.995). For the microporous sample, the QSDFT equilibrium model (for slit pores on carbon)
predicted the pore size distribution. The V − t method regressed the characteristic pore size,
volume and specific surface area for the microporous sample over the best linear range (De-
Boer thickness, P/P0 0.20-0.70). The total pore volume was evaluated at the maximum filling
pressure (P/P0 0.995), considering all pores with a diameter smaller than 300 nm.
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RESULTS AND DISCUSSION

X-ray diffraction

We analyzed the calcined catalyst “Fresh”, before reaction, in two formulations: 5 % WO3

supported on TiO2 with a 0.5 % Pt loading, or 1.5 % Pt. The latter was also characterized
after reaction (“Used”, t12). Despite EDS confirmed the presence of W, the XRD only
detected two crystalline phases: anatase titania (ref: 96-900-9087) and platinum (ref: 96-101-
1114) (Figure 6.18). The titania support kept its tetragonal structure during calcination and
reaction, the crystal planes have already been identified in another work.[8] The platinum
was identified with a cubic structure and a submicron crystallite size, growing with the
higher Pt loading and decreasing on the used catalyst due to coke deposits. SEM pictures
showed crystal sizes of several hundred nanometers and a round-prismatic shape. Each
crystal contained several crystallites, growing in different directions. The Rietveld refinement
quantified the Pt weight fractions, which exceeded the preparation dosages. Indeed at 50 kV,
the X-ray penetrated the catalyst down to 35 µm (Pott’s equation):[7] this surface analysis
overestimated the Pt fraction with respect the supporting TiO2. As coke builds up, the
Pt signal decreased in intensity and became broader (as a result, the Scherrer crystallite
size decreased). This demonstrated that Pt was selectively distributed on the surface of
the particle and coke was in amorphous state (Table 6.9). The lack of tungsten oxide’s
signals was attributed to the intimate distribution of the WO3 precursor during the catalyst
preparation. Subsequently, calcination conditions avoided phase segregation and kept the
material amorphous. In fact, we also reported in a previous manuscript that loading of
WO3 below 10 % couldn’t be detected. A weak, unidentified peak emerged at 31.6◦ after
reaction. Despite its shift of approximately 1◦ from its reference, we speculate it belonged
to a tungsten oxide hemihydrate phase (ref: 96-100-1359). Reaction conditions may have
crystallized part of the amorphous WO3 in the mesoporous titania structure (however, SEM-
EDS could not identify WO3 crystal on the surface of the catalyst but N2 physisorption
detected a decrease in pore size after reaction). The small crystallite size (30 nm) and the
strong chemical interaction with the surrounding environment (coke and titania) could be
responsible for the signal shift.

SEM-EDS

All percentage are weight percentage.

The fresh catalyst consisted of spherical particles of titania (support) with tungsten oxides
homogeneously dispersed in the porous structure (EDS mapping on a fractured surface).
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Table 6.9 D crystallite size (standard deviation among Pt signals); Riet.Pt Rietveld refine-
ment of the Pt phase, the complementary fraction was anatase TiO2; BET surface area by
nitrogen physisorption, results are within ±3 % (n = 3, 95 % confidence interval C.I.); φ pore
volume (C.I. ±8× 10−5 cm3 g−1 ); ∆dS(d) dS(d) characteristic pore median (ads. BJH for
mesopore and QSDFT for micro); V-t micropore area.

D Riet.Pt BET φ ∆dV (d) V-t
nm wt.% m2 g−1 cm3 g−1 nm m2 g−1

Fresh WO3/TiO2 na na 63.8(0.1) 0.180 9.6(0.1) 4.3(0.5)
Fresh 0.5 %Pt/WO3/TiO2 52(7) 0.8 na na na na
Fresh 1.5 %Pt/WO3/TiO2 88(2) 3.0 51.4(0.1) 0.165 11.0(0.1) 1.0(0.5)

Used, t12, 1.5 %Pt/WO3/TiO2 60(10) 2.0 71(2) 0.064 0.7(0.3) 50(2)

Pt crystals covered the surface as bright spots, individually well dispersed but not homo-
geneously distributed between each particle (Figure 6.19). The Pt submicron crystals had
an average size of 250 µm (Figure 6.20). After reaction, those Pt submicron particles coa-
lesced into clusters composed of several hundred of those crystals, but remained dispersed
of the surface. It seemed that the Pt crystals did not initiated the growth of the coke layer,
which covers the WO3/TiO2 surface. A mortar mechanically broke the coke agglomerate into
chunks, exposing their shiny surface. Part of the catalyst resulted broke in the same way.
About half the material was heavily covered by a thick layer of coke (20 µm), the remaining
particles still contained carbon (EDS) but on the surface they appeared loose with few spots
of submicron-coke layer (Figure B.2).

The EDS spectrum qualitatively confirmed the presence of W (3 % to 6 %) on both the fresh
and used catalysts, and the EDS mapping showed an homogeneous distribution of W on
the support. Pt on the contrary was distributed on the surface of the support in submicron
crystals (10 %, as the EDS at 20 kV analyzed the surface of the material down to a depth
of approximately 10 µm and not the whole bulk). EDS qualitatively confirmed the expected
amount of tungsten (expected: 5 %) used during impregnation and assessed that the platinum
crystallized exclusively on the surface of the catalyst (expected: 1.5 %). EDS spectra on
areas deprived of the Pt crystals did not record any trace of Pt in the elemental analysis.
Titanium over oxygen molar ratios were coherent with the TiO2 composition. Oxygen signal
was complementary with respect the platinum: Pt bulk crystals were in metallic form. An
EDS spectrum on the coke deposit identified a molar composition of 90 % carbon and 10 %
oxygen (Figure 6.22).
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Figure 6.18 Stacked spectra recorded with the same conditions and smoothed with an 11
points cubic function, Cu-kα sidebands were removed: coke deposits on the used sample
reduced the signal to noise ratio. Four sharp Pt signals (39.6◦, 46.0◦, 67.4◦, 81.2◦) and their
respective planes [hkl] have been identified. The remaining peaks belong to the Titania
support (anatase).[8]

PSD

Laser scattering quantified the average spherical particle diameter: it increased from 85 µm
for the fresh catalyst (independently with respect the platinum loading), to 95 µm for the
used “t12” catalyst. Coke covered the surface (SEM-EDS) and increased the average particle
diameter by 10 µm. This may had impacted on the reactor fluid-dynamic and favored settling
of this heavy fraction of particles on the bottom of the fluid bed reactor. As a result, catalyst
turnover rate increased, yielding to more coke production and increased coke thickness (Figure
6.23).

Nitrogen Physisorption

The support (TiO2) and the tungsten salt precursor dictated the specific surface area (SSA),
pore size distribution and pore volume (PV) of all fresh samples upon calcination, as already
discussed in a previous work (Fig. 6.24). The fresh catalyst possessed a type IV isotherm
and an H2 hysteresis loop, indicating a mesoporous structure with a narrow distribution
of pore necks, inducing pore-blocking.[122] The addition of 1.5 % Pt (1 eq. salt precursor)
decreased the SSA with respect to the calcined WO3/TiO2 catalyst. The absence of Pt
signal in the core and internal shell of the catalyst (EDS) indicated that the SSA and PV
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Figure 6.19 Fresh 1.5 % Pt over WO3/TiO2 particles. The LABE detector enhanced the
signal from heavy elements and the Pt crystals appeared as bright white spots.[9]

decreased as a result of Pt pore-blocking. Pt blocking pores smaller than 10 nm increased
the characteristic pore median (dS(d)) by of 1 nm. The used catalyst “t12” possesed a type
I-IV isotherm and an open H4 hysteresis: a microporous network developed as coke partially
filled the internal mesoporous structure. Despite coke deposit, catalyst selectivities improved
overtime. The SSA also increased with respect to the fresh catalyst, suggesting a selective
coke deposit, which promoted the fructose conversion to HMF and did not slow down the
reaction kinetic despite the significant decrease in size of the pores (11.0 nm to 0.7 nm) and
PV and subsequent increase in mass transfer resistances (Table 6.9). For the same reason
we concluded that the experimental reactor design was chemical-kinetic limiting, rather than
mass-transfer limiting, making it suitable for future kinetic studies.

Adsorption and desorption branches for the fresh samples gave similar results in terms of
pore size distribution: the BJH surface distribution had a mesopore median (dS(d)) that
decreased by only 1 nm between adsorption and desorption, indicating uniform pore distri-
bution between the core and the shell of the catalyst. QSDFT SSA was in good agreement
with the BET SSA (less than 5 % deviation). The V −t method estimated a negligible micro-
pore SSA for the fresh samples, but for the used sample, micropores contributed for almost
80 % of the SSA and 40 % of the PV (QSDFT method, V − t method had 5 % deviation from
those values).
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Figure 6.20 Fresh 1.5 % Pt over WO3/TiO2 particles. The metallic platinum crystals appeared
as multi-facets prisms. Considering their sizes (submicron), the crystallyte size of 88 nm
(XRD) and the crystal structure of metallic Pt (cubic), we could conclude that each crystal
was composed of several crystallites.

Figure 6.21 Used “t12” catalyst’s surface. Shiny “metallic-lookalike” coke chunks were dis-
persed around the spherical catalyst particles after mechanical breakage. Some particles
broke as well.
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Figure 6.22 SEM and EDS mapping of the used “t12” catalyst’s surface. Carbon (C, red) par-
tially covered the surface and suppressed the underlying elements’ signals. Oxygen (O, blue)
was predominant were titanium was also present (Ti, yellow), less were carbon was present
and absent were platinum was present (Pt, violet). Tungsten (W, green) was homogeneously
distributed along with titanium.

Figure 6.23 Catalyst particle size distribution in logarithmic scale. Coke deposits broadened
the peak and increased the average.
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Figure 6.24 The fresh catalyst was mesoporous and after reaction resulted microporous. In
the latter, the adsorption rapidly grows to plateau (P/P0 0.0005-0.1) and the type 4 hysteresis
remained open. This is often associated to narrow slit micropores.
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6.5.7 Levulinic acid upgrade to succinic acid with hydrogen peroxide

D. Carnevali, M. G. Rigamonti, T. Tabanelli, G. S. Patience, and F. Cavani

Published in 2018, in Applied Catalysis A: General.[10]

In this paper we propose two competitive mechanism for the conversion of levulinic acid.
The Baeyer-Villiger oxidation with hydrogen peroxide favors the conversion of levulinic acid
to succinic acid under acid conditions. Tungustic acid catalyzes the reaction and we modeled
the ratio catalyst:hydrogen-peroxide to achieve the highest selectivity.

The regioselectivity in Baeyer-Villiger oxidation of levulinic acid

The H2WO4 catalyst controls the regioselectivity of levulinic acid conversion to either succinic
acid or 3-hydroxypropionic acid. 10 % molar ratio of catalyst achieve a selectivity ratio
succinic acid:3-HPA of >98 % after 6 h. Each increment of H2O2 also increased the selectivity
ratio of the two-competitive kinetics (Figure 6.25).

Figure 6.25 Correlation between catalyst loading and selectivity.[10]

We propose that H2WO4 arranges with the carboxylic group of levulinic acid to form an octag-
onal cyclic adduct by hydrogen bonding(Figure 6.26). This conformation locks the molecule
and impedes the Baeyer-Villiger migration of the secondary carbon by steric hindrance. This
interaction locks levulinic acid and also impedes the dehydration and the consequent cy-
clization to α-angelica lactone; as the selectivity to the lactone decreased when using more
catalyst (38 % to 4 % lactone selectivity).
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Figure 6.26 Interaction of the H2WO4 catalyst with the levulinic acid substrate. This octag-
onal adduct enhances the formation of methyl succinate.[10]
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6.5.8 Enhanced photocatalytic activity of Pt-TiO2/WO3 hybrid material with
energy storage ability

H. Khan, M. G. Rigamonti, and D. C. Boffito

Published in 2019, in Applied Catalysis B: Environmental.[145]

Ideal water-treatment uses sunlight to degrade pollutants by means of a TiO2 catalyst, how-
ever TiO2 cannot absorb in the visible wavelength. Spray drying a sol-gel TiO2 and crash
precipitated WO3 with a Pt precursor creates a micron sized TiO2/WO3 heterostructure that
overcomes this problematic. The addition enhances even more the surface area (265 m2 g−1)
and spray drying disperses the platinum in small crystallites on the surface of the TiO2/WO3

catalyst. Platinum creates a photocatalyst which has activity under visible and UV light.
The heterostructure maintains a residual catalytic activity for the degradation of methylene
blue even after we stop the UV-vis light irradiation.

EXPERIMENTAL

A Quantachrome Autosorb-1 measured the N2 physisorption isotherms at 77 K, after de-
gassing under vacuum at 200 ◦C (stepwise) for 20 h and weighting the sample (Entris224-
1S, repeatability ±0.2 mg). We regressed the total Specific Surface Area (SSA) with the
Brunauer-Emmett-Teller (BET) equation over the best linear range (microporous: P/P0:
0.005-0.10, C constant 200-2000; mesoporous: P/P0 0.05-0.30, C constant 100).[122] The
Barrett-Joyner-Hallender (BJH) method estimates the pore size distribution for the meso-
porous material (desorption branch, P/P0 0.15-0.995). The V − t method regress the char-
acteristic pore size, volume and specific surface area for the microporous samples over the
best linear range (DeBoer thickness, P/P0 0.45-0.85). The total pore volume is evaluated
at P/P0 0.98, for pores smaller than 100 nm in diameter. The intraparticle void fraction
(porosity ϕ, %) was calculated from the skeletal density of the material (ρ, TiO2 anatase,
3.78 g cm−3, WO3 7.16 g cm−3) and the measured pore volume (Vpore, cm3 g−1) (Eq. 6.8).

ϕ = Vpore

Vpore + 1
ρ

(6.8)

RESULT AND DISCUSSION

The spray dried materials have overlapping type I(b) - type II isotherms, indicating the
coexistence of micro, meso and macropores (Figure 6.27).

Type I(b) (P/P0 0.005-0.1) is associated with materials with broad micropore size distri-
bution and narrow mesopores (< 2.5 nm). In fact, the measured characteristic diameter of
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Figure 6.27 N2 physisorption isotherms at different catalyst loadings (0.7 mm I.D. nozzle).
The lack of hysteresis superimposes the adsorption and desorption isotherms. 0.8 % Pt
maximize adsorption.

such pores is comprised between 1.1 nm and 1.6 nm (V − t method). The subsequent type II
isotherms (P/P0 0.1-0.995) reveals a meso macroporous structure due to the lack of plateau
at the maximum filling pressure, which is typical for spray dried nanoparticles’ suspensions.
When spray drying such materials, as the droplet dries, the suspended nanoparticles (primary
particles) agglomerate together into a spherical micron-sized secondary particle. The result-
ing internal network of meso (2 – 50 nm) and macro pores (> 50 nm) is a direct characteristic
of the primary particle size, shape and drying speed (Tinlet 270 ◦C). The lack of hysteresis
between the adsorption and desorption isotherms indicates isotropy between external and
internal pores, thus the pore network is open and deprived of restrictions (necks) that could
limit the mass transfer between the external crust and the catalyst’s core.

We compared the SSA and porosity of two set of spray dried particles: using a 1.5 mm
(liquid) internal diameter dual fluid nozzle, the porosity of the particle increased by 5 % on
average. Spray drying the TiO2 precursor alone generated a compact microporous high SSA
material (264 m2 g−1, 52 % ϕ). Spray drying the WO3 precursor alone created a mesoporous
material with low SSA and high porosity (55 m2 g−1, 73 % ϕ). When spray drying the Pt-
W-Ti composite (Ti-W ratio 9.9:0.075), the resulting materials retains the morphological
properties of the main component (Figure 6.28). However, the dried material yield was
unsatisfactory (55 %), as this bore improperly atomized the suspension, coating one side of
the drying chamber (Air to Liquid Ratio: 3.5).
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Figure 6.28 Porosity and SSA for the two set of spray drying conditions, with regression and
95 % confidence bands.

A second set of experiments carried with a 0.7 mm I.D. homogeneously atomized the feed
material (ALR: 2.5, yield 75 %). Total porosity and SSA follow a parabolic trend with respect
to the Pt precursor loading, with a maximum at 0.8 %. The microporous structure accounts
for 90 % to 95 % of the total SSA and 60 % to 75 % of the total pore volume (V − t method)
and follow the same parabolic trend with respect the Pt loading. Meso and macroporosity
contribution is limited and invariant with respect to the Pt loading (Figure 6.29).

This indicates that the choice of metal-organic precursors is the main factor in achieving a
high SSA microporous material, while spray drying conditions mostly affects the upper porous
structure, modifying the powder bulk properties. We regressed the total SSA (m2 g−1; R2 =
97 %) and the porosity (ϕ, %; R2 = 92 %) with a quadratic polynomial as a function of the
Pt precursor loading (λ, mol%) (Eq. 6.9 and 6.10).
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Figure 6.29 The Pt-W-Ti composite formulation creates a network of micropores that dictates
the high SSA (0.7 mm I.D. nozzle). Meso- and macropores contribute for 5-10 % of the total
SSA, invariant with the Pt loading.

SSA = 178λ2 + 290λ+ 200 (6.9)

ϕ = −11.0λ2 + 18.7λ+ 32.0 (6.10)

SUPPORTING INFORMATION

Table of N2 physisorption data
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Table 6.10 Table of N2 physisorption data.
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6.5.9 Ultrasonic intensification to produce diester biolubricants

N. A. Patience, F. Galli, M. G. Rigamonti, D. Schieppati, and D. C. Boffito

Published in 2019, in Industrial & Engineering Chemistry Research.[161]

(doi:10.1021/acs.iecr.9b00717)

Pareto Chart of standardized effect

Esterification reactions are lengthy (6 h) and require temperatures above 120 ◦C. Ultra-
sonication in the presence of a acid heterogeneous catalyst (Amberlyst15-H) intensifies the
process, the reaction achieve completion at 100 ◦C in 3 h. A partial factorial DOE highlights
temperature, US power, and initial molar ratio of reactants as main contributors for the
reaction (Figure 6.30).

Figure 6.30 Pareto chart of standardized effect. Response variable: FFA concentration at 1
h (red) and 3 h (black). 2.3 is the value above which the variable (T = temperature, P =
ultrasound power and Xj = alcohol/FFA molar ratio) has a significative effect (α = 0.1)

After 1 h, all individual factors affect conversion (p < 0.05), while at 3 h, US power becomes
statistically insignificant. In fact, after 3 h, the reaction approaches equilibrium, which is
thermodynamically fixed at a certain temperature. Temperature is always significant, and
become even more important at 3 h as the reaction equilibrium is pushed towards the forma-
tion of the diester by evaporating water. The Pareto chart identified these three significant
factors and we regressed the coefficients assuming a linear model for FFA conversion at 1h
and 3 h (eq. 6.11 and 6.12), considering: US power (P, W), molar ratio (R), and temperature
(T, ◦C)):

XFFA,model,t=1h = −100 + 1.6T + 9.7R + 0.15P (6.11)

XFFA,model,t=3h = −110 + 1.9T + 9.2R + 0.12P (6.12)
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Both R2 are higher than 90 % and coefficients p values were lower than 0.05, except for US
power at 3 h, that increased to p = 0.09 for the aforementioned situation. The standard of
error of the estimate was 9 %, which is on the same order of magnitude as the uncertainty
on the experimental results.

Biolubricant rheometry

Samples are very sensitive to temperature variation; an increase of 0.1 ◦C decrease the appar-
ent viscosity by 0.1 mPas. This leads to apparent non-Newtonian trends when increasing the
shear rate as the higher spinning rate generates more heat by friction. Despite the external
liquid temperature controller and because of the thermal inertia of the bio-lubricant, tem-
perature increases locally, and therefore viscosity decreases when increasing the shear rate
(by 0.1-0.3 mPas over the entire range). For this reason and given the fact that the viscosity
variation (between 2-4 %) is negligible compared to the average value, we decided to as-
sume a Newtonian behavior for our bio-lubricant. Similarly, when we investigated a possible
time-dependency rheology at 20 ◦C and at a constant shear rate of 1000 s−1, the sample took
200 s to reach steady state, starting from 54.60(5) mPas and reaching 54.75(5) mPas (0.3 %
variation). We attributed this negligible variation to thermal inertia and assumed that our
biolubricant’s rheology is not time dependent either. We chose three random samples and
recorded a temperature ramp analysis at 20 ◦C to 79 ◦C at constant shear 1000 Hz (Figure
6.31).

Figure 6.31 Viscosity of biolubricants vs T and logarithmic regression and extrapolation up
to 100 ◦C.

The HAAKE rehowin data manager software regressed the data and in all cases the best fit
was obtained with a logarithmic equation, log µ = a + b * T (µ in mPas, T in ◦C, Chi2 <
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0.01 and R2 > 0.99). This function then fitted the a and b parameters from the viscosity
data for each sample, recorded at 1000 s−1 at a constant temperature of 40 ◦C and 79 ◦C,
after sample temperature equilibration.
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6.5.10 Influence of frequency and amplitude on the mucus viscoelasticity of the
novel mechano-acoustic frequencerTM

D. Schieppati, R. Germon, F. Galli, M. G. Rigamonti, M. Stucchi, and D. C. Boffito

Accepted in 2019, in Respiratory Medicine.

Patients suffering from cystic fibrosis have an abnormal high-viscosity mucus in their lungs.
We regressed mucus rheology and it’s adhesion strength as a mechano-acoustic instrument
provide acoustic vibrations that lower those factors.

The Musuc has a shear thinning characterisctic, 12 experiments, data analysis and regression
identify in the Carreau model A the best fit (Figure 6.32).

Filename:

Company

Operator

Date/Time

Substance

Sample no

C:\Users\MarcoRigamonti\Dropbox\Marco Polytechnique\Spray Dryer\VISCO\Mucus project\m18t\m18t.rwd

Polytechnique de Montreal

Federico Galli

08.11.2017 / 12:01:32 PM

FGm18t

1

Measuring device

Temperature device

Measuring geometry

A-factor

M-factor

Gap

Viscotester iQ Air

1.350e+04 Pa/Nm

46.07 (1/s)/(rad/s)

CC27 DG/Ti - 01160064 4.000 mm

HAAKE RheoWin 4.75.0000 Page 1

Density: 1000.000 kg/m³

Description

Comment

Job: C:\Users\Public\Documents\Thermo\RheoWin\JOBS\Mucus project.rwj

116001102003

C:\Users\MarcoRigamonti\Dropbox\Marco Polytechnique\Spray

Dryer\VISCO\Mucus project\m18t\m18t.rwd

ID 22-3: Curvefit(53) Carreau model A (Visc) η

85.14 1/s, n = 0.7116 Chi² = 0.000305 r = 0.9994

x =     in 1/s ,  y = η  in mPas

ID 23-3: Curvefit(54) Carreau model A (Visc) η

70.72 1/s, n = 0.599 Chi² = 0.000374 r = 0.9992

x =     in 1/s ,  y = η  in mPas

Curvefit(55) Newton (Visc) : η = 2.001 Chi² = 0.4825 r = 0.0003515

x =     in 1/s ,  y = η  in mPas

Curvefit(56) Power law : a:4.495 b:-0.1501 Chi² = 0.01164 r = 0.9879

x =     in 1/s ,  y = η  in mPas

Figure 6.32 Mucus becomes less viscous at high shear rates.

Initial DOE regression leads to highlight the insensitive factors that statistically do not
contribute to the variation of the output variable WA, work of adhesion (Table 6.11).

Stepwise elimination of the insignificant factors leads to a refined model. R2 obviously de-
crease (poorer fitting), but the model is more robust; the adjusted R2 increase and p-values
remain below a defined threshold (Table 6.12).
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Table 6.11 Initial DOE regression.

Finally, a contour plot defines the model for the response variable. Still, a careful analysis
has to be carried out to verify model inconsistencies. For example, the response variable WA
cannot encounter negative values or discontinuities, a critical check of the variability of the
WA model leads to exclude quadratic and higher order effects (Figure 6.33).
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Table 6.12 Refined DOE regression.

Figure 6.33 Work of adhesion (mN/m) response surface when the mucin fraction reaches 4 %.
A saddle contour identifies the areas where WA is minimum (cold colours): lowest frequency
with highest salt concentration and high frequency with no salt.
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6.5.11 LiFePO4 synthesis via ultrasound assisted mechanochemistry

H. Li, F. P. Cabanas-Gac, L. Hadidi, M. Bilodeau-Calame, A. Abid, K. Mameri, M. G.
Rigamonti, S. Rousselot, D. Mickael, and G. S. Patience

Submitted in 2019, to Journal of Power Sources.

In this paper we synthesized LiFePO4 from inorganic salt precursors and spray dried the
material to achieve an homogeneous powder. Pyrolysis and electrochemical tests follow.

The author instructed and participated in the spray drying of the feed materials.

Abstract

Using wet ball milling we reduced the particle size of the precursors of LFP to the nano-
size. We tested different milling time, carbon sources and treatment with ultrasound during
milling, to characterize the effect of those factors on the final LFP. In particular Pore size
distribution and surface area.

Methodology

BET

A Quantachrome Autosorb-1 instrument for N2 physisorption measured the adsorption and
desorption isotherms at 77 K, after degassing the sample under vacuum at 350 ◦C for 5 h and
taking the weight (Entris224-1S, ±0.2 mg).[106] The BET theory (Brunauer-Emmett-Teller)
regressed the specific surface area (SSA, adsorption branch, P/P0 0.05-0.25, C constant 100–
250). The BJH theory (Barrett-Joyner-Hallender) gave the mesopore size distribution during
adsorption (P/P0 0.15-0.995). We evaluated the total pore volume at the maximum filling
pressure (P/P0 0.995), this approach sums the volume for all pores with a diameter smaller
than 300 nm.

Result and discussion

BET

All powder samples follow a Type IV(a) isotherm, which corresponds to a mesoporous ma-
terial (Figure 6.34).[122] The initial monolayer-multilayer adsorption on the mesopore walls
corresponds to a Type II isotherm (P/P0 0.05-0.5), followed by pore condensation and incom-
plete pore filling (as the adsorption seems to increase without a limit).[8] This phenomena
is common for spray dried materials because of the interparticle void fraction, measurable
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by mercury porosimetry, which range in pore size between 0.3 µm to 2 µm.[84] The carbon
precursor forces the material to aggregate in two different ways: glucose in the presence of US
creates a Type H3 hysteresis loop: non-rigid aggregates of plate-like particles in a network of
heterogeneous pore size distribution including macropores; while in the absence of US create
a Type H2(b) hysteresis. Lignin and cellulose create a Type H2(b) hysteresis: pores are
organized in a bottle-neck network of broad size distribution of neck diameters that induce
pore blocking during desorption. All hysteresis loops close at the cavitation-induced pressure
of P/P0 = 0.45 and are larger compared to spray drying LFP nanoparticles,[84] this indicates
larger interconnectivity between the pores and a more ordered material.[92]

Figure 6.34 Type IV(a) isotherms, glucose arranges the material in plate-like particles (blue
and red) while cellulose and lignin create a bottle-neck network (green).

The BJH pore volume size distribution dV (d) can be divided in two regions: from a reference
material, LFP has two sharp peaks around 2 nm to 3 nm and 4 nm to 5 nm, and one broad
between 5 nm to 200 nm. The first two peaks belong to a morphological LFP’s property
and the milling conditions. The broad one represents the spray drying conditions and is a
function of the drying temperature.[84] By introducing US milling and changing the carbon
precursor we also induced a morphological modification in the meso- and macropore region
(Figure 6.35). Milling the precursors for 9 h with glucose and low amplitude US, yields mainly
LFP with Fe nanocrystals (sample 215 - blue), the SSA and pore volume are significantly
higher than the average (51 m2 g−1 vs. 28 m2 g−1, Table BET) because of the presence of
the Fe nanocrystals, this leads to a poor EC capacity in the coin-cell battery (60 mA h g−1).
Also the dV (d) deviates from the LFP reference pattern in both regions. Reducing the
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milling time to 3 h while increasing the amplitude (sample 217 - red) prevents the previous
phenomena, yielding LFP (from XRD). However the dV (d) shows multiple peaks in the
narrow mesopore region, deviating from the reference pattern. This indicates a different
agglomeration mechanism or the presence of impurities, at levels undetectable on XRD, that
alter the LFP crystal morphology. Removing US requires to double the milling time (sample
228 - black), it yields again LFP (XRD) but the first peak on the BJH plot is broad. Milling
the precursors with cellulose requires 6 h and high amplitude (sample 226 - green), but forms
pure LFP and also the dV (d) peaks are sharp and correspond to the reference material.
This powder expressed the highest EC capacity and the smallest pore volume (0.09 cm3 g−1),
suitable for storing high energy volume densities.

Figure 6.35 Pore size distribution: when the material has two sharp peaks around 2 nm and
4 nm, it exhibits higher EC performances.

A contour plot defines the impact of US and milling time (Figure 6.36): 3 h milling without
US creates a small pore volume, but the material is not completely synthesized and contains
small impurities (Li3PO4, by XRD). Milling for 9 h contributes in reducing the size of the
pores but creates Fe impurity and lowers drastically the EC of the battery. An optimum of
6 h and 70 % amplitude yielded small porosity, LFP material and high EC capacity (sample
226).



130

Figure 6.36 Pore volume contour plot: the aberrant data (sample 215) has been excluded.
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CHAPTER 7 CONCLUSION

7.1 Summary of work

All spray drying conditions creates semi-spherical doughnut-shaped secondary particles. A
two-parameter skew normal distribution fits the experimental PSD better than the log-normal
and the Weibull distribution, with a skew value of 1.8 (R2 >98 %). The nozzle n2 yields the
best (liquid bore 508 µm), atomizing the feed material into ultimately a fine narrow powder
(mode 6± 3 µm), but LFP suspension clogs more frequently this small bore nozzle. Nozzle
n4 does not clog (liquid bore 1530 µm) and creates larger particles with a wider distribution
(mode 9± 4 µm). The distribution’s standard deviation is linearly proportional (40 %) with
respect to the PSD mode. High temperature and atomization velocity (200 ◦C, >250 m s−1)
increase the yield (>70 %). Higher solid content in the slurry increases the final bulk density
of the powder, up to 750 kg m−3 at 60 % loading. But fine material (mode <16 µm), have
poor flowability (Hausner ratio 1.5). Spray dried sample porosity is distributed mainly in the
macroporous region, in particular the pore mode diameter has the same order of magnitude
as the primary particle. The surface area derived from the PSD (assuming spherical parti-
cles) is proportional and within 80 % with respect to the BET surface area, indicating that
melt-synthesized LFP is non-porous. The secondary particles however, posses a mesoporous
structure that increases in volume by 10 % when the drying temperature is increased from
100 ◦C to 200 ◦C. This suggests that slower drying rates (at lower temperatures) form a more
compact material. Operating at 200 ◦C maximizes the surface area (26.4 m2 g−1). Also 20 %
smaller primary particle mode leads a gain of 55 % more surface area.

Melt-synthesized LFP nanoparticles, spray dried and coated with a carbon-grid forming
agent, outperforms most commercial LiFePO4/C cathodes. We propose this synthetic route
which is industrially scalable and produces pure LFP nanoparticles suspended in water. Spray
drying yields 7 kg h−1 of mesoporous powder that promotes Li+ wettability and provides an
homogeneous dispersion of the carbon precursors, even inside the secondary particles. We
prove that the addition of high-MW PVA to lactose creates a carbon grid that intercon-
nects the nanoparticles, the grid forms carbon-nanopores averaging 1.5 nm in diameter and
contribute for 30 % of the SSA. This in turn improves the cyclability and discharging perfor-
mance of the battery at high C-rate. Colloidal silica is an excellent filling agent and could
lead to an even more cyclable cathode when coupled with lactose and PVA, by reducing
the mechanical stress between the nanoparticles. Ultrasonication proved detrimental when
combined with organic precursors. However, changing the frequency of the instrument may
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allow to better disperse the suspension without fragmenting the PVA chain.

7.2 Limitations

LiMnO2 batteries manufacturers are researching on a flame pyrolysis approach, in which
spray drying and oven pyrolysis are coupled in one unit operation. However, our GEA spray
dryer has a temperature upper limit of 400 ◦C, making the pyrolysis step unfeasible at once
(which requires 700 ◦C for 2 h).

Small dried particles are more appealing since they minimize pore occlusion. However eco-
nomical solid-gas separation requires using a cyclone, limiting the secondary particle cut-off
diameter to 2 µm.

Despite optimization, spray-dried LFP secondary particles possess a low bulk density due to
blowholes and doughnut-shapes inside the particle. Scaling spray drying to a bigger tower
and slowing down the evaporation rate may allow the liquid slurry droplet to coalesce in a
spherical denser particle.

The lack of a scaled-up process for pyrolysis and electrochemical battery tests posed a limi-
tation in the number of allowed tests we could perform and their significance. Pyrolysis was
conducted in a 2 g batch tubular reactor, battery tests use few milligrams of active material
each. Although the spray dried powder is fairly homogeneous and multiple sampling could
not determine any significant differences in terms of particle size distribution, density and
surface area; a proper scale up require processing more material during pyrolysis and electro-
chemical battery tests. The electrochemical tests were carried out using coin-cell batteries,
which are very susceptible to slights imperfections in the active material and the operator
technique of assembling. Puncturing the electrodes with more or less force, coating of the
electrodes with the doctor blade and how the electrolyte covers and soaks in the assembled
battery are all factors which are strongly connected to the operator handiness and produce
different results during battery test. Cycling stability is also known to be dependent on the
synthesis conditions, and pouch-cells batteries would demonstrate the material performance
in more realistically conditions. In fact, there are several mechanisms related to capacity loss
of coin-cells batteries over cycling, including loss of Li due to side reaction, dendrite forma-
tion, materials dissolution, acidic side reactions and losing active materials due to particle
cracking. In order to conclude which ones are involved, further post-mortem characterization
would be necessary. A pouch-cell tests more active material (grams) and is assembled in a
machine, with a standardized procedure; pouch-cell are also one of the main standards in
industry for cell-pack assembly.
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The choice of carbon-precursors is limited to materials which will decompose before boiling:
glycerol, diesel oil, Tween-20, vegetable oil (canola) have been tested but failed during py-
rolysis. The resulting LFP is partially coated and oxidized and turned red, indicating the
thermal decomposition of LFP to Fe +

3 . A pressurized pyrolysis vessel can resolve this issue
and extend the research investigation to more materials.

7.3 Future Research

Commercial scalability should consider material buildup inside the drying chamber, because
of two reasons: improper atomization conditions create big droplets that hit the wall before
drying and partial nozzle clogging creates a jet of liquid in one direction that splash the wall.
This detrimental situation lowers the yield, force more frequent maintenance shut-down,
overoxidizes and sinters LFP in chunks.

Nozzle clogging is a serious concern that can be avoided by maintaining the nozzle apparatus
at room temperature. Thermal insulation avoids solid precipitation inside the nozzle line and
grants more time-on-stream, without the need to stop spray drying and clean.

A single-phase pressure nozzle eliminates the need of compressed air (opex and capex) but
requires a high performance pump and may introduce erosion and clogging problems in the
nozzle, as the suspension is accelerated in the nozzle and not outside (like in the dual fluid
nozzle).

An economic evaluation whether if a more efficient cyclone allows to reduce the PSD of the
spray dried material compared to the compression costs to overcome the incremented pressure
drop. And an overall comparison with a filter-bag system with periodic manual discharge
and maintenance.

Recycling and sustainability are fundamental aspects to forecast when planning mass produc-
tion goods. Our work has the potential to re-melt spent batteries into a functional material.
However, it is missing a full investigation of recycling the LFP/C cathode from spent bat-
teries, re-melting, and process sustainability.

Cycling stability is known to be dependent on the synthesis conditions, and pouch-cells bat-
teries would demonstrate the material performance in more realistic conditions. In fact, there
are several mechanisms related to capacity loss of LFP coin-cells over cycling, dendrite for-
mation, materials dissolution, acidic side reactions and losing active materials due to particle
cracking. In order to conclude which ones are involved, further post-mortem characterization
would be necessary, including an investigation on the condition of the pyrolyzed PVA grid.
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Abstract Nuclear magnetic resonance (NMR) spectroscopy measures free induction decay
(FID) signals that atomic nuclei emit when excited by a radio-frequency (RF) pulse in a static
magnetic field. The Fourier-transformed spectrum shows chemically shifted peaks, area in-
tensity and multiplicity; which give information on molecular structure, bonds, functional
groups and purity. Web of Science Core Collection indexed 46000 articles that mentioned
NMR in 2016 and 2017. The VosViewer software grouped the research into 5 clusters: solid-
state analysis including metabolomics; biology with in-vitro and antibacterial applications;
coupled analytical techniques to identify crystal structure for which X-ray diffraction and
density functional theory figure prominently; liquid-state analysis for polymers, aqueous so-
lutions, nano-particles and drug delivery; and, chemosensors. Researchers publishing in the
Canadian Journal of Chemical Engineering focus most on: liquid-state NMR to characterize
polymers, branching and monomers; quantify conformation, reaction kinetics and equilib-
rium; assess surfactant stability, ionic liquids, and composition. We introduce the theory
behind NMR spectroscopy and common applications in chemistry and material science. We
highlight the strength and limitations, source of error and the detection limit for this analyti-
cal technique, as manufacturers develop massive magnets for high-resolution spectra (1 GHz),
and benchtop NMR for real-time, in-situ analysis (80 MHz).

Introduction In 1901 Marconi built an instrument to deliver voice message through radio
waves and established the first transatlantic radio communication. Also in the microscopic
world of atoms, the nuclei with a magnetic moment emit a radio frequency signal (RF) when
subject to a magnetic field. In both scales, resonance at a precise frequency is a fundamental
phenomenon to detect those RF. This was initially proposed by Cornelis J. Gorter in 1936
and first demonstrated for molecular beams by Isidor I. Rabi in 1937. Finally, in 1945 Bloch
and Purcell refined the methodology to the experimental technique we have today, winning
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b Dipartimento di Chimica, Materiali e Ingegneria Chimica "Giulio Natta", Politecnico di Milano, P.zza
Leonardo da Vinci 32, 20133, Milano, Italy.



159

the Nobel prize.[162] NMR spectrometers are non-destructive, ex-situ instruments that mea-
sure the RF associated to nuclei that possess a magnetic moment (a non-zero spin quantum
number). We determine the molecular structure following a series of rules related to the
spectrum and derive reaction kinetics, dynamics and conformation evolution while collecting
spectra over time and at temperatures from −150 ◦C to 200 ◦C.[9] NMR revolutionized med-
ical diagnostics with Magnetic Resonance Imaging (MRI). The word nuclear was omitted to
belay patients fears of exposure to ionizing nuclear radiation. MRI is a non-invasive proce-
dure that displays internal anatomy and tissues.[163, 164] Gas chromatography (GC) and
mass spectrometry (MS) are the standard analytical techniques for gas phase applications
but researchers are applying emerging solid-state NMR techniques for polymers, proteins and
complexes up to hundred thousand Daltons.[165, 166] The advent of cryoprobes and digital
lock technology substantially decreased the instrument electronic noise (RF interferences)
and field fluctuations overtime. Consequently, the signal to noise ratio (s/n) improved so
much that these instruments detect nanomolar samples in seconds rather than hours, which
has opened it up to research in biology, proteomics and metabolomics. Along with high-
resolution MS,[167] NMR achieved an important milestone in lowering the analyte concen-
tration limit.[168] It is one of the few spectroscopic techniques to study bio-molecules in their
native environment. Industrial quality control applies either IR or NMR spectroscopy on-
line to monitor over-expression in host microorganisms to produce proteins. NMR is more
accurate than IR as it identifies isomers together with functional groups and can identify
which functional groups react.[169] Benchtop instruments sacrifice resolution and sensitivity
but are less expensive and analyze—on-line operando—the evolving flow composition.[170]

Description The NMR spectrometer is a massive instrument weighing up to 10 t, mainly
composed of a superconducting coil cooled with liquid He, that generates an intense static
magnetic field up to 23.5 T. Like other spectroscopic techniques, it analyzes the structure
of molecules based on differences when absorbing electromagnetic radiation. In particular,
NMR works in the radio-waves domain, affecting a transition in the alignment of nuclear spin
(Figure A.1).
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Figure A.1 On the left an old (’80) FT-NMR Spectrometer; a pneumatic arm lowers the sam-
ple between the 80 MHz resistive magnets. An RF pulse generator activates the test sample
in the center of a static magnetic field (N–S) and an RF receiver measures the fluctuations.
The recorded spectrum (FID, free induction decay) sums multiple scans into a sinusoid that
decays exponentially with time. A Fourier-Transform of the FID identifies the dominant
frequencies that belongs to atoms in the molecule.

High-fields NMR instruments are expensive to purchase and to maintain operational and
require a constant supply of liquid He and N2 to maintain the magnet and coil supercon-
ductive and avoid an explosive quench. A 43 MHz benchtop instrument, with proton-carbon
detectors, costs 60 k$; a 400 MHz magnet, with a multi-nuclear probe, liquid and solid-state
capabilities, costs 0.5 M$ (half with only liquid capabilities); a 500 MHz, 0.8 M$; and the
highest-rating 1 GHz, 10 M$. An exponential equation estimates the order of magnitude for
the instrument cost with full capabilities (c, 2018 U.S. M$), with respect the magnet field
strength in terms of 1H resonance frequency (f, MHz):

c = 0.05e0.005f (A.1)

Theory Many nuclear isotopes are magnetically active with non-zero nuclear spin (1H, 2H
(deuterium), 13C, 14N and 15N, 19F, and 31P are all NMR active). Spin 1/2 nuclei have
a spherical charge distribution, while in quadrupolar nuclei (quantum spin number greater
than 1/2) the charge is distributed as a prolate or oblate spinning body. When a magnet
imposes an external static magnetic field, nuclei with 1/2 spin align their magnetic dipole
either in the same direction (α spin state, slightly more favorable because it is at a lower
energy state), or in the opposite direction (β spin state). For quadrupolar nuclei there are
additional energy levels which increase the complexity of the splitting pattern and will not
be discussed here. The difference between energy levels (and therefore nuclei population)
linearly increases with a stronger magnetic field (bigger instrument) and is characteristic of
the type of nucleus. Reducing the temperature of the sample shift the population distribution,
promoting more nuclei in the α spin state. The difference in population between the two
energy levels follows a Boltzmann distribution and is minimal: for a 1H at rt and under
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a 5.87 T magnetic field, the α state represents 50.001 % of the population. The alignment
of the nuclei in the direction of the magnetic field is not perfect and they precess around
their axis. The Larmor’s frequency of precession (how many times the nucleus’ spin axis
completes a full circle) increases with the strength of the magnetic field and each isotope
precesses at a characteristic frequency. In a 7.05 T magnetic field, the 1H nucleus precesses
at 300 MHz, while in a 21.1 T at 900 MHz. Similarly, at 7.05 T, the 2H precesses at 45.7 MHz,
the 13C at 75.3 MHz, the 19F at 282 MHz and so on. Resonance occurs when the frequency of
the external electromagnetic radiation (from the RF pulse generator) matches the nucleus’
precession. During resonance, the incoming RF radiation promotes the α spin state nuclei to
flip to the β spin state, increasing its population at higher energy. The process continues until
the two energy levels are evenly populated by an equal number of nuclei (saturation). At this
point there is an equal probability that α flip to β and vice versa and the RF pulse generator
is turned off. Without an energy input, resonance quickly dies out. The system reverts back
at the previous equilibrium condition and the unstable excess of β spin state nuclei relax
exponentially into the α spin state, emitting a quantum of energy as RF radiation. During
this time, the RF receiver records the intensity of the emission from each nucleus: the FID
looks like a periodic sinusoid, exponentially decaying with time. This concludes one pulse
sequence (one scan), reiterating the sequence allows to sum multiple scans to reduce data
noise. A Fourier transform converts the FID from the time domain to the frequency domain,
revealing a baseline and a series of peaks. Finally, a software calculates the peaks properties
(position, area intensity, multiplicity, J -couplings) required to evaluate the molecule.[163]

Applications A one dimension (1D) NMR spectrum of a magnetically active isotope, pro-
duces a series of signals: each signal has a position (chemical shift), an area intensity (in-
tegral), multiplicity and J -couplings (how many peaks and how much they are spaced in
between, depending on the measuring technique, Figure A.2). The chemical shift is a unique
marker: it does not change, regardless of the instrument or magnetic field strength. The signal
corresponds to one or more nuclei (if they are chemically equivalent) and integration quanti-
fies their number. Multiplicity correlates with the position of the atom in the molecule and
J -couplings represent connectivity. As a more in-depth refinement, J -couplings can be used
to correlate bond distances (comparing density functional theory—DFT calculations)[171]
and angles (in conjunction with XRD).[172] To identify different species and quantify their
concentration, most analytical techniques require a standard: a pure compound that finger-
prints with the sample and calibrate the response output of the instrument with an imposed
concentration. However, when standards are not available, an alternative is to go through
a separate chemical synthesis and purification, which can be time consuming. On the other
hand, NMR does not necessarily require a standard to fingerprint with the sample. A refer-
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ence compound is required to assign the chemical shifts and a calibration compound to de-
termine the absolute concentration. Both can be as simple and available as common solvents
diluted at a precise concentration in the deuterated solvent. In a 1H spectrum, comparing
the integral area from one proton from the sample with one from the calibration compound
—at a known concentration— gives the sample absolute concentration and yield. In the same
manner, comparing the desired product with contaminants or sideproducts gives purity. In
this case, integrals are evaluated relative to each other, and a calibration compound is not
required to measure purity.
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Figure A.2 The 1H spectrum for a derivative of 6-methylhept-6-en-2-one in CDCl3, recorded
at 400 MHz at rt.[11] The signal from “A” has three peaks (t: triplet) and its integration gives
an area that is normalized to 1.0 (in green, one proton). Each peak has a distinctive chemical
shift (blue) and their distance (in Hz) measure the J -coupling constant (violet). The “J -tree”
(violet) is a representation of the Pascal’s triangle: a rule that correlates the shape of the
NMR signal with the number of vicinal protons. “A” couples with the two protons in “G” and
creates a triplet. “B”, “C”, “E”, “F” and “H” are all singlets (s), meaning that close to them
there are no protons available. “E”, “F” and “H” belong to the methyl groups, as their area
integral is three times the one from “A”. Between them “E” in the most deshielded group: the
electron cloud is displaced towards the double bond, so the peak appears at high chemical
shifts. Unlike in the methyl group, where all three protons are chemically equivalent, the
protons bonded to a sp2 carbon are not. Therefore “B” and “C” appear as two distinctive
singlets as none of them correlates with a vicinal proton, with an integral of one. “D” follows
the same rule as “A”, but the integral is double as it has two protons. “G” has also two
protons, but it also has a more complex coupling: on the left it couples with one proton from
“A” and on the right with two protons from “D”. Because the two couplings have different
J -constants (14.3 and 6.6 Hz), the doublet (d) from “A” splits the triplet from “D” in two
branches. Following the Pascal’s triangle rule, this shape (dt) appears with five peaks, as the
two branches in the center overlap and increase in intensity.



164

A two dimensional (2D) heteronuclear correlation spectrum is a bi-dimensional plot in which
a contour line shows the signal intensity as a function of the two isotopes’ chemical shift.
This methodology reveals the interaction between different nuclei and overcomes the limita-
tion of only relying on coupling constants from 1D spectra (for complex structures, peaks
overlap and J -constants cannot be determined).[173] Low temperature (−100 ◦C) multin-
uclear NMR spectra detail bonding configuration in organolithium solutions and quantify
the interconversion transition energy.[174] Solid-state NMR elucidates the mechanism and
catalytic cycle for the heterogeneous reaction of ethylation of benzene over zeolite. The 2D
spectra identifies the various adducts adsorbed on the surface of the catalyst, by measuring
the J -couplings associated with the molecule’s mobility.[175] Peak integration quantifies the
molar ratio of the selected nucleus in a specific position in the molecule. 19F NMR resolves
complex mixtures of isomers —impossible to separate or quantify in GC or HPLC columns—
by measuring the geminal coupling constants between 19F and 1H for the various isomers.
This procedure identifies each molecule, and 19F peak integration quantifies the mixture.[176]
Recording more spectra overtime displays—in-situ—structural changes due to chemical re-
actions and physical interactions. The creation or change in position of a peak, as well as its
change in relative intensity, correlates with the portion of the molecule affected. Peak inte-
gration reveals quantitative kinetic data.[177] We follow the reaction mechanism by marking
a nucleus with one of its isotopes and analyzing how it migrates with time.[178] A common
procedure to keep the magnetic field stable is to use an internal standard: in liquid-state
NMR is the 2H signal from the deuterated solvent. When field fluctuations alter the ob-
servation frequency of deuterium (lock frequency), the instrument compensates and corrects
the magnetic field frequency accordingly, limiting drift and increasing the resolution. The
deuterated solvent also provides a medium transparent to the electromagnetic pulses (1H and
2H have different resonance frequencies): the solvent signals do not appear on the spectrum.
However diluting the sample reduces the signal intensity so we run the test longer, especially
for low abundance isotopic species (ex. 13C has 1.1 % abundance). Solid-state NMR over-
comes this limitation but peaks are broader as the low-to-null molecular mobility in a solid
matrix gives anisotropic interactions. To sharpen the signal, a cell holder spins the sample
up to 110 kHz at a precise angle with respect to the direction of the magnetic field (54.74◦

magic angle spinning, MAS). This signal is sharper but it creates sidebands: predictable
secondary peaks equally spaced around each main peak. Their appearance on the spectrum
is directly proportional to the rotational speed and a sequence of pulses, synchronized with
the rotor, suppress those signals but makes the main peak non-quantitative (TOSS total sup-
pression of sidebands technique).[179, 180] Solid-state NMR is a complementary technique
to liquid-state, in which we look for the interaction of the molecule in its own bulk environ-
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ment. It distinguishes solid polymorphs, determines the extent of crystallinity, characterize
nanomaterials and catalysts and analyze the molecular structure and its arrangement in a
solid matrix: all these properties cannot be attained from liquid-state NMR.

Web of Science Core Collection indexed 46 114 articles that mention NMR in 2016 and 2017,
which makes it among the top 5 experimental methods in science but at the 50-percentile for
Canadian Journal of Chemical Engineering articles. A bibliometric map of the 10 000 most
cited articles with NMR or nuclear magnetic resonance topic,[12, 13] identifies five research
clusters: solid-state NMR in green, aqueous solution in red, structural characterization and
simulation in yellow, biology in blue, and NMR-chemosensors in violet (Figure A.3).
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main connections between different areas.
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Solid-state NMR (which includes MAS-NMR) has the highest number of occurrences
in our selected pool of articles (640). It has a strong link with XRD, crystal structure,
DFT and molecular dynamic simulation which are complementary techniques for investigat-
ing solid phase. Metal organic frameworks (MOFs) are porous materials with applications
in areas including ion-exchange, catalysis, separation, molecular recognition, drug delivery
and gas storage. 129Xe solid-state NMR establish porosity and identify the adsorption sites
in MOFs, 1H and 13C characterize organic linkers with the solid framework and dynamics
of guest molecules.[181] Proteins and metabolomics belong to the same cluster. However
metabolomics and proteins are closer to MS rather than solid-state NMR. This confirms
a recent trend in which LC-MS instruments have taken precedence over NMR to identify
and quantify protein structure.[168] The lower cost of the instrument and the presence of a
database for proteins contributed to the switch from NMR to MS.

Alzheimer’s disease is near the center of the map, indicating that this research is closely
related to all five categories, but mostly with biological since its colour is green. In vitro
studies, cell-protein binding cancer, cytotoxicity and antimicrobial belong to the same cluster.
The network connects these topics with drug delivery and nanoparticles: they belong to the
aqueous solution cluster, as most in vitro biological NMR studies are analyzed in liquid-state
instruments.

A third cluster, NMR-chemosensor, links the previous one and aqueous solution. This
ensemble describes drug delivery medical applications for sensing the response of living cells
through nanoparticles interaction in biological studies.[182]

A broad list of research topics belongs to the aqueous solution cluster: material science,
polymer, temperature, kinetic, catalysis, biomass and mechanism. Liquid-state analysis re-
mains the most common methodology (also for researchers publishing in the Canadian Jour-
nal of Chemical Engineering) to investigate temperature effects, kinetics, mechanisms, and
catalysis. This cluster also comprises solid materials like biomass and polymers, in which
solid-state NMR offers additional characterizations. In fact, the network established a strong
link between polymer and solid-state NMR. Also catalysis, mechanisms and kinetics are close
to it. This indicates a preferential choice when investing in an NMR instrument: solid-state
NMR are more expensive and the spectrum is more complex to analyze; whereas some solid
samples can be solubilized and processed with a liquid-state NMR.

Structural characterization and simulation is also in the center of the map and include
computational techniques (DFT) and crystallography (XRD) to simulate and complementary
techniques to validate organic and metallorganic complexes and biological ligands.
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Few articles in Canadian Journal of Chemical Engineering (2016 and 2107) reported NMR
scans: among all analytical methods, NMR is among the lower 50th percentile. In fact, the
cost of the instrument surpasses several times that of more standard techniques like GC-MS,
HPLC and FTIR. Comparing the results with our bibliometric map (Figure A.3), Canadian
Journal of Chemical Engineering authors publish in material science (aqueous solution clus-
ter, in red): polymers and nanoparticles. Liquid-state NMR dominates over solid-state (90 %
of the case), which is consistent with the trend among the top cited 10 000 WoS manuscripts.
7 papers out of 10 only analyze the 1H spectrum, for which liquid-state instruments achieve
the best resolution. Xylene solubilize plastic materials like polypropylene and polyethylene;
this allows to take advantage of liquid-state NMR and a 13C spectrum is able to quantify
the fraction of each component in a copolymer.[183] Curing time control prevents exothermic
hotspots in propargylated novolac resins: in the monomer preparation, the propargyl chlo-
ride load controls the curing kinetics, and spectroscopic data quantifies the propargyl signal
intensity as different precursor loadings affect the temperature, curing time and final mechan-
ical properties of the resin.[184] Copolymers’ formulations require a catalyst to selectively
distribute each component along the chain. Metallocene complexes catalyze the branching
insertion of n-alkenes and branching is the main factor that affects the plastic’s degree of
crystallinity. 13C spectra quantifies the branching density, with the ASTM method 5017-96,
integrating the peaks relative to the methylene resonance at 30.0 ppm.[185] Cis-polymyrcene
has better mechanical properties than an atactic plastic. Two neodymium-based Ziegler-
Natta catalysts increase the stereoselectivity of β-myrcene polymerization up to 92 %. Inte-
grating the olefinic signals in proton and carbon spectra quantifies the cis/trans ratio.[186]
Another example of olefinic protons peak integration characterizes the catalytic epoxidation
mechanism of oleic acid on ZnO.[187] An FTIR instrument alone is incapable to determine
the extent of thermal decomposition of an anionic surfactant (Alfoterra 123-8s), while a
13C NMR quantifies the decomposition and reveals which bonds react and how the starting
material rearranges.[188] Routine characterization quantify the degree of oligomerization in
lactic acid, up to 0.1 %,[189] as well as the effectiveness of poly-condensation in polyurethane
resins.[190] Cellulose nanocrystals are novel reinforcing agents for polymer nanocomposites;
but hydrophilic, so unsuitable in non-polar composite matrices. Grafting with polymethyl-
methacrylate (PMMA) overcomes this limitation and a 13C MAS-NMR measures the degree
of crystallinity with 1 % to 2 % error on a 20 T magnet.[191] However, liquid-state proton
NMR successfully characterizes the cellulose nanocrystals’ precursors with carbazole and
coumarin functionalities.[192] A liquid-state proton NMR, quantifies the degree of polymer-
ization and the presence of different co-polymers in PMMA resins.[193] NMR detects chemical
bonds and 1H spectroscopy detect the hydrogen bond interactions between Bisphenol F and
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an extracting agent in ionic liquids. DFT (Gaussian 09 R©) supports the experimental data,
proving that the extraction mechanism passed through hydrogen bond interaction.[194] The
food domain is a missing discipline on the Canadian Journal of Chemical Engineering: in
2017, WoS indexed 400 articles with NMR and food (vs. 2500 articles for polymers). Food
chemistry and microbiology require quantitative analyses to validate the water, lipid and pro-
tein content in raw meats, vegetables and processed foods. Metabolites and vitamins, often
at ppm levels, quantify the nutritional value. NMR also examines the packaging material, to
test the polymer performance to preserve food at different storage conditions (temperature,
humidity, and acidity). For example, polystyrene maintains its mechanical and chemical
properties even when gamma radiations sterilize the food.[195]

Uncertainty A pulse sequence is a set of predefined commands, iterated at each analysis’
scan that imposes the time, strength and how many times the RF irradiates the sample. Most
routine pulse sequences for spin 1/2 nuclei (1H, 12C, 19F, 31P, 77Se, ...) are available in the
instrument’s software and are integrated as standard algorithms. Their magnetic spin result
in sharp peaks and allows homo and heteronuclear coupling. Low isotopic abundance species
(12C) decrease the sensitivity of the analysis and require longer acquisition time. Quadrupolar
nuclei (7Li, 17O, 33S, ...) complicate the spectrum with broad peaks (5 Hz to 500 Hz) and
unresolved J -couplings. A dedicated pulse sequence improves the quality of the analysis;
a reaction involving a selenolate/diselenide exchange was compared with a thiol/disulfide
system, with enough resolution to assess a 107 increase in kinetic ratio between the two
reaction systems.[196] The spectrum contains multiple information not easily accessible: a
software calculates all the quantities related to peak analysis and from literature data the
user can fingerprint the compound’s chemical shifts and J -couplings. However, interpreting
a spectrum for a novel compound, requires a chemical/physical background and knowledge
of NMR spectroscopy. This discourages scientists from other fields of study to pursue this
type of analysis.

Limitations Liquid-state NMR requires the sample to be soluble in a deuterated solvent
for frequency field lock. However not all materials are compatible with this methodology: in
metabolomics, the biochemical reactions evolve in water systems. Drying or organic-based
deuterated solvents would alter the starting material. Thus, non-routine methods are required
to suppress the signal from water and tune the NMR in a deuterium-free environment.[197]
The classic NMR instrument is fixed to the ground, both because of its weight and to mini-
mize external vibrations and ensure a RF-free environment. In-situ, real-time recording of an
evolving system is limited to liquid phase and milliliter volumes in batches. Flow-chemistry,
process control and small research groups take advantage of benchtop spectrometers when
analyzing small molecules (hundreds of Daltons).[198] A permanent magnet design (up to



170

80 MHz) does not require cryogenic fluids and shrinks the whole apparatus to the size of
a 0.5 m box. The weaker magnetic field limits the resolution and sensitivity, but the in-
strument design allows continuous flow, analytics and real-time system optimization.[199]
On-line reaction monitoring requires new pulse sequences (NOESY with WET sequence to
suppress the protonated solvent signal). Bubbles and turbulent flow regimes distort NMR
signals.[200] A single scan acquisition, in a 60 MHz bench top spectrometer produces quanti-
tative kinetic data for small molecules at a concentration of 1 mmol L−1, flowing in a PTFE
tube at 1 mL min−1. On the catalytic hydrogenation of acetophenone with isopropanol by
iridium complexes, the s/n was strong enough to establish the reaction order and dependence
of the kinetic constant with respect to the catalyst loading.[201]

Sources of error NMR detectors measure contributions from samples and the enclosing-
cell environment. Water moisture diffusing into an un-sealed deuterated solvent bottle af-
fects the spectrum. The residual reaction’s solvents must be removed too, which requires
high-vacuum. However, an external database has registered these common contaminants in
proton and carbon spectra, and they can be flagged-out by comparing their unique chemical
shifts.[202, 203] When handling mixtures, signals belonging to different molecules overlap,
which degrades the signal quality and compromises its interpretation. Peak deconvolution
attributes the intensity of a crowded region to each compound, but only when the compo-
sition of the mixture is known. Silica chromatographic purification helps to produce clear
spectra of a single compound, unambiguously integrating peaks and assigning them to the
proper nucleus. Poor shimming of inhomogeneous magnetic fields decreases the signal res-
olution; spinning the sample in the probe sharpens the peaks, but also generates sidebands
(Figure A.4). In crowded spectra is difficult to attribute peaks or multiplicity to a nucleus,
and sidebands increase the complexity of processing the analysis. The integral intensity of
the sidebands is proportional to the main peak, but when sidebands overlap with another
signal, they overestimate the integral from this other signal and underestimate the main
peak’s one. TOSS (for solid-state), spinning at different rate, or “ultraclean pure shift”[204]
pulse sequence (for liquid-state) suppress the sidebands’ signals. Insufficient relaxation times
(0.1 s to 100 s, the time required for a nucleus to return from an excited to the ground state)
saturates the nuclear spin and suppresses/depresses signals that require longer time, resulting
in lower integral attribution. Relaxation depends on the chemical environment; quaternary
carbons are more demanding. A long-running analysis requires optimizing the relaxation
time: insufficient time invalidates peak integration while excessive time limits the number of
scans and s/n in a defined period of time. Deformed NMR cells and tubes, even impercep-
tible deformations, induce anisotropic magnetic fields, proportionally distorting the signals
and broadening the peaks. Sample inhomogeneities (precipitation in liquid samples, packing
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voids in solid samples, paramagnetic impurities, and temperature gradients) also degrade sig-
nal quality. Temperature alters the molecule conformation and therefore the chemical shifts.
For example, we calibrate the temperature inside an NMR tube by measuring the distance
between the two peaks of methanol, and they split further as the temperature decrease. The
reference chemical shift is also affected: tetramethylsilane (TMS) in chloroform is commonly
attributed with the reference shift of 0 at rt. However at 100 ◦C, it shifts at 0.05 ppm, and at
−70 ◦C at −0.05 ppm.[205] However, in standardized spectra recorded at room temperature,
all peaks are shifted by aligning the internal reference chemical shift to a standard value,
compensating for small temperature variations between instruments.
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Figure A.4 On the left: non-spinning samples’ peaks appear broader (blue). A spinning
sample sharpens the peaks and allow multiplicity detection, but creates secondary peaks —
sidebands— equally spaced (3 Hz, which corresponds to the rotational sample’s rate) from
the main peak (red). On the right: a poorly shimmed and phased 100 MHz proton spec-
trum (blue) and a 400 MHz one (red). On the latter each peak is symmetrical (good shim
and phase) and the stronger magnet resolve the multiplicity (dddd) for the two exocyclic
doublebond’s protons (Ha and Ha’).

Detection limits NMR signals depend on the relaxation of β nuclei to the α spin state,
however the difference in nuclei population between these two states is low: resonating a
proton at 60 MHz, creates a population difference between the β and α spin state of only
5 ppm and 0.02 J mol−1 energy difference. A stronger magnetic field —600 MHz— increases
linearly the NMR signal strength by increasing ten times the β-α population difference and
the emitted energy upon relaxation. It increases the separation-resolution of two close chem-
ical shifts (in Hz) and allows to identify the multiplicity of a signal (Figure A.4). A proton
spectrum of 2-methyl-2-butanol recorded at 200 MHz doubles the shift window in which the
signal is recorded (500 Hz), with respect to a 100 MHz analysis. In the latter case, signals

H. J. Reich, Chem. 605, University of Wisconsin-Madison 2017
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are crowded in a 250 Hz window and the poor resolution, makes impossible to retrieve the
coupling constants’ information.[206] Quantifying trace compounds is a time constraint: in
a liquid-state NMR, polymers are often only partially soluble in the solvent (decreasing the
signal intensity) and quantifying the trace signals of branching (as low as 0.003 %), requires
up to 300 h.[207] In fact, the s/n increases with the square root of the number of scans (n)
and linearly with the sample mass (m): equation A.2, (Figure A.5). On the other hand,
maximum peak resolution has an optimum: in liquid-state, 10 mg and 100 mg are typical
loadings for proton and carbon spectra respectively. Higher sample loadings broadens the
peaks, while lower loadings require more scans to achieve an acceptable s/n and amplify the
signals from external contaminants. Cryoprobes are more sensitive for 1H and require 4 times
less mass with respect to a standard probe.

s/n ∝ m
√
n (A.2)
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Figure A.5 13C spectra of a solution of an organic compound in (CD3)2SO, recorded at
100 MHz in J-MOD, to separate primary and tertiary carbons (top peaks) from secondary
and quaternary ones (bottom). From bottom to top after: 2 (red), 4 (yellow), 8 (green), 16
(cyan), 32 (blue) and 256 scans (violet), the s/n increases from 13, 19, 27, 35, 52 to 150 (top
peak).
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However, long run analyses suffer from signal-drifting: as the external environmental con-
ditions change, peaks’ chemical shifts drift: this broadens the peaks. Therefore, a Faraday
cage shields the spectrometer from external RF oscillations and an internal standard (usually
the solvent) locks the signals in place and compensates for the drift. A custom built 1 GHz
instrument has a proton drift of 0.001 ppm/10 h in the liquid phase and 0.2 ppm/10 h for
solid phase samples with an external lock (chemical shifts with a precision of a decimal of
a ppm are commonly accepted).[208] The Bruker company is currently the only manufac-
turer to offer ultra-high field 1 GHz NMR (Aeon R©), with one unit installed in the University
of Bayreuth and another at University of Toronto. This new technology requires cryogenic
cooling to 2 K of a new superconductive rectangular NbTi-Nb3Sn coil, generating a 23.5 T
magnetic field, without current fluctuations, which would compromise the stability required
for high-resolution NMR analyses. This imposed a closed-loop sub-cooling to reduce the
consumption of cryogenics to a yearly refill schedule. The improved shielding design also
reduced the stray-field leaving the instrument, which interfered with the ongoing analysis
and imposed a disengagement metal-free zone about half as big as an unshielded magnet
(4 m vs. 12 m).

Conclusions NMR offers multiple analytical tools in one instrument: from quality con-
trol to research, it is ideal to identify intermediates during reaction, novel chemical species,
conformational exchange and purity; for liquids, solids and gases. Interpreting a spectrum
requires a knowledge in NMR spectroscopy, but fingerprinting the spectrum with a reference
from literature is straightforward and results are comparable between different instruments.
Solid-state NMR is currently a hot-topic, versus the standard techniques and is coupled with
experimental crystallographic data and theoretical approaches. For new instruments, internal
refrigeration systems, and new magnet designs to decrease operational expenses will replace
cryogenic liquid refilling. 1 GHz magnets are commercially available and are expected to grow
in strength by 100 MHz every 5 years. Liquid-state proton NMR remains the preferred way
to quantify polymers for soluble samples. Carbon quantification in solid-state often requires
the development of a dedicated pulse-sequence and is therefore not viable for routine polymer
analysis. Benchtop NMR are new, portable and less expensive; and we speculate will find
more applications in the future for process control and routine laboratory analysis.
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APPENDIX B Additional scientific contribution as co-author

Here we list the author’s direct scientific contribution as co-author in a series of papers related
to imaging and spectroscopic techniques: scanning electron microscopy, energy-dispersive X-
ray spectroscopy and nuclear magnetic resonance spectroscopy.

Experimental Methods and Instrumentation for Chemical Engineers, 2nd ed.

G. S. Patience

Book published in 2017, in Elsevier.[9]

Contributor for the chapters "Analysis of solids and powders" and "Spectroscopy".

The Scanning Electron Microscope

Curiosity thrives the scientist to go deeper in details. In practice magnification of an ob-
ject to better see its morphology has always pushed the researcher to develop more refined
instruments to increase the resolution. The optical microscope is the first instrument that an-
swered that need and became so famous that its logo represents today science and research.
However, when the optical microscope magnification reached 1000x, diffraction, halted its
progression. This phenomenon occurs when we try to visualize objects so small that their
characteristic dimensions are comparable with the visible light electromagnetic wavelength
(380 nm to 750 nm). This diffract one beam into multiple ones, creating interference and
blurring the image.

SEM: Scanning Electron Microscopy

The scanning electron microscope adopts the same principle of the optical microscope, sub-
stituting photons with a much shorter wave: X-rays (0.1 nm to 10 nm). The sample is placed
in a vacuum chamber, where air does not interfere with the analysis. Then, like for the
incandescence light-bulb, a filament (1 kV to 20 kV) generates an electron beam. A series
of magnets adjust the position of the beam hitting the sample; for each position (pixel) a
response is detected and recorded by the instrument, generating the image. There are four
typical response signals generated by the sample hit by the electron beam, and for each signal
there is a specific detector.

Secondary electrons are generated when the beam excite and eject the electrons in the inner-
most electron shell of the atom. They correspond to low energy ionization electrons (<50 eV)
and are emitted by the firsts layers of atoms on the surface of the sample. The detector (SEI
or LEI) counts the number of emitted secondary electrons for each pixel and compares them:
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as the morphology varies across the sample, bright spots correspond to plain, accessible zones
where more secondary electrons directly cross the chamber to the detector; while darker pixel
are deeper holes, where most of the secondary electrons are lost by interaction through the
sample.

Backscattered electrons are electron beam reflected upon interaction with the sample. The
detector (LABE) use the same counting methodology as for secondary electrons with one
crucial addition: heavy elements backscatter more than light elements (since the denser
electron cloud). Therefore pixel of area with different chemical compositions appear brighter
(heavy elements) or darker (light elements).

Figure B.1 LEI detector: spray dried spherical VPO secondary particles, in detail the primary
particles composing the aggregates. LABE detector: in detail the detector can better visualize
the vanadyl primary particle in respect to the silica coating.

EDS: Energy-dispersive X-ray spectroscopy

X-rays are emitted when an higher shell electron replace the vacancy left by the ejected sec-
ondary electron. The interactions between incoming and emitting energy are more complex,
however each element possesses its own characteristic X-ray energy (ranging from 0 keV to
10 keV). Therefore the detector can either acquire a spectrum over a selected sample area, for
qualitative superficial elemental analysis; or flag each pixel area with the dominant element,
creating an elemental map of the sample’s surface.

TEM: Transmission electron microscopy

Transmitted electrons are the beam’s electrons that pass through a few atoms thick sample.
The detector (TEM, Transmission electron microscopy) placed below the sample counts the
number of electrons passed through. The instrument maximum resolution depends on the
wavelength of the accelerated electrons, making possible to even see the atoms lined up in
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Figure B.2 EDS spectrum (left), note how vanadium is not detected since is coated with a
layer of silica. EDS mapping (right) of a spray dried core-shell VPO catalyst, the external
silica shell (red), covers the bulk vanadyl pyrophosphate salt (green).

their crystal structure as bright spots. Measuring the distance between the atoms allow to
calculate the lattice spacing parameters of the crystal matrix.
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Figure B.3 SEM (a) and TEM (a’) of VPO precursor.
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11.5 Nuclear Magnetic Resonance Spectroscopy

NMR is one of the few instrument to offer a comprehensive chemical analysis of the unknown.
For organic chemist it has become the state of the art technique for understanding chem-
ical structure, thermodynamic data, elemental analysis, reaction kinetic and many others
characteristic of a molecule.

The principle of spectroscopy consists in irradiating your sample with a precise electromag-
netic radiation; based on how differently each diverse molecule absorbs and desorbs this
radiation, it is possible to understand their structure. Since electromagnetic radiation covers
a wide area of different wavelength, called spectrum, for each of these zones has been made a
different type of spectroscopy analysis. To understand this practical aspect, consider the 400-
800 nm wavelength portion of the spectrum (visible light) and your eyes as a spectrometer.
When the sunlight brightens an object it absorbs some wavelengths and reflects the others:
the colour of an object is just the analysis made by our eyes on the desorbed radiation. By
this way we are able to differentiate different substances based on the visible part of the
spectra.

FIGURE 11.5.1 Interpretation of the visible spectrum of an apple.

Old spectrometers, as they were originally intended, works in continuous-wave: the sample is
continuously irradiated over time while changing the wavelength of radiation. If the sample
does not absorb the selected wavelength, the detector registers no change in the intensity of
the signal (over time seen as a straight line, called baseline). But when the wavelength of
radiation matches the excitation state of the sample, the detector registers a peak, a deviation
from the baseline. The modern spectrometers uses the opposite process, instead of scoping
all the various wavelengths one by one, they emit all the entire spectrum of interest in a
single, strong pulse, and then register the desorption of the radiation overtime.
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A huge improvement of this type of analysis has been made when it was understood that
the energy content of an electromagnetic radiation is a discrete wave function and molecules
respond in a predictable pattern when irradiated with a precise quantum of energy. The
absorption of energy in a molecule will cause the passage from a ground state to an excited
state. The X-rays spectrum radiation has a high energy content and is capable of excite
electrons from the inner shell to the outer shell of an atom. By increasing the wavelength
in the spectrum, the quantum energy content decreases; therefore the ultraviolet and visi-
ble radiation excite the valence electrons mostly from the HOMO to the LUMO. Infra red
radiation has an even lower energy content but a higher wavelength and excitation cause a
response in the vibrational energetic level, basically how bonded atoms vibrate. Microwave
radiation affect the rotational energetic level. Finally radio wavelength can create a response
in the alignment of the nuclei magnetism and this is the premise for a discovery of a new and
fascinating machine: the Nuclear Magnetic Resonance instrument.

But not all nuclei spin, so not all nuclei create their own magnetic field; for instance spinning
1H, 2H (deuterium), 13C, N, 19F, 31P, etc. are all active towards NMR analysis. Since elec-
tromagnetic radiation is a wave, it can be quantified both by its wavelength or its frequency.
In NMR spectroscopy, it is common to refer to frequencies.

FIGURE 11.5.2 "EM Spectrum Properties edit" by Inductiveload, NASA.

Without going into details, when a sample is placed into a magnetic field, its active nuclei
align their magnetic field with the external one. They align almost equally into two forms:
with field (α spin state), energetically favourable and slightly more abundant; and against
field (β spin state) at higher energy. According to the intensity of the external magnetic field,
a very precise quantum of energy of a very precise frequency can excite the active nucleus
isotope spin, from the α spin, to the less stable and higher in energy β spin. For example a
7.05 Tesla magnetic field will make the 1H nucleus resonates at 300 MHz, a 2.35 Tesla at 100
MHz, while a 21.1 Tesla at 900 MHz.
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This phenomenon is called magnetic resonance, because when the radiation cease, the β spin
nuclei relaxes to its more stable α spin, by emitting a quantum of energy capable of excite
another α spin nuclei to β. This process decreases exponentially overtime but is acquired
by the detector; and by integrating the wave function overtime using a Fourier transform,
the result is no more a wave signal but a distinctive peak. The point is that different active
nuclei resonates at different frequencies, therefore it is possible to differentiate them. For
example a 7.05 Tesla magnetic field will make the 1H nucleus resonates at 300 MHz, the 2H
at 45.7 MHz, the 13C at 75.3 MHz, the 19F at 282MHz and so on.

But more important, the NMR instrument has a resolution so high that can also expand
near the magnetic resonance frequency of a nucleus, thus becoming possible to understand
how this nucleus is bonded in the molecule.

FIGURE 11.5.3 NMR spectrum of 2-fluoroethanol and 1H high resolution analysis.

Performing a 1H and 13C liquid NMR analysis

Performing an NMR analysis is very easy and quick, the difficult part is understanding
the obtained spectrum. So the NMR is usually performed on a purified sample of a single
compound. The sample needs to be carefully dried, any traces of organic solvent, water
included, is accordingly seen in the spectrum. The amount of material required for a proton
(1H) analysis should be less than few milligrams for having sharp peaks, vice versa for 13C, a
hundred times loading is beneficial. This is mainly due to the different natural abundance of
the two nuclei: 13C isotope has only 1 % abundance! The sample is put in the NMR tube and
filled with 3-4 cm of deuterated solvent and mixed by gentle agitation. Its role is the solvation
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of your compound while not being detected by the instrument, since 2H resonates far away
from the 1H. The most common is CDCl3 deuterated chloroform. Another important aspect
of the solvent is that it usually contains on purpose a small amount of its non deuterated form
and TMS, which are called internal references, and are later used to calibrate the analysis.

The NMR tube is attached to a plastic ring at a precise height depending on the model of
the instrument. It is important when approaching the NMR to remove all worn metallic
objects, keys, phone and wallet, sometimes even the belt, due to the strong magnetic field
of the instrument. Depending on the model, the tube is introduced from the top using a
pneumatic system.

Now the instrument has to be calibrated according to the resonance frequency of the active
atom we want to analyse, for recent models the software at the workstation takes charge of
everything. For older models it has to be done manually on the shimming pad, by slightly
changing the magnetic field of the instrument. The aim is to create an homogeneous magnetic
field, represented by the shim curve, the higher you achieve to obtain, the sharpest will be
the signals. In order to keep the magnetic field homogeneous overtime, the instrument
locks on the 2H resonance frequencies of the solvent, any slight discrepancy overtime on 2H
will be corrected automatically also on the 1H that is being analysed. There are countless
acquisition methodologies, the most common are the proton and carbon analysis. The user
has to choose basically four things: the number of acquisition (usually 16 for 1H; 64 or
more for 13C) which determine the peak to noise ratio. The relaxation time between each
acquisition (3 seconds for simple molecules, 6 for shielded atoms and quaternary carbons).
The width of the spectrum (in chemical shift, generally all protons signals are in the 0-12
ppm zone, for carbon 0-240 ppm). And finally H-Nucleus coupling, usually proton analysis
are performed with H-H coupling (also called spin-spin splitting or spin-spin coupling), while
carbon are not H-C coupled. This will lead to have multiplets in the proton spectrum, which
reveal more information on the structure of the molecule but will increase the difficulty of
reading the spectrum. Vice versa in the carbon spectrum, all 13C will be reported as sharps
singlet peaks.

Reading a NMR spectrum

After acquisition, the Fourier transform will reveal the true nature of the spectrum, com-
bining all the wavefunctions into a single line. On the Y axis it is reported the intensity
of the signal. On the X axis it is reported the frequency of resonance at high resolution of
the selected nucleus. For practical reasons, it is commonly replaced by the chemical shift δ
[ppm]: which is ratio between the distance in Hz of any peaks from the internal reference
of TMS, and the nucleus resonance frequency in MHz. Then the TMS chemical shift is cal-
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ibrated to 0 ppm; if used other internal references, they will be calibrated accordingly. The
use of chemical shift respect to the frequency is useful due to the fact that the same analysis,
performed in any NMR, independently from its magnetic field intensity, will give the same
results in terms of chemical shift.

A 13C decoupled spectrum is easy to understand, first of all, after calibration to its internal
reference, the number of peaks are counted and they should match the number of carbon
in the sampled molecule. Obviously the internal reference peaks are not counted. It is
important to mention that not all carbons are supposed to generate a peak. Due to the fact
that the molecule or a functional group can be symmetric towards one or more planes, all
equivalent carbons will appear as a single peak. For example benzene will appear as a single
peak because all carbon are equivalent with each other. Methylcyclohexane instead has two
pairs of equivalent carbons due to its symmetry plan, so it will show five distinctive peaks.
Another equivalence of nuclei is given from the rotational contribution; isopropyl group for
example shows the tertiary carbon as a peak and the two equivalent methyl as another single
one.
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FIGURE 11.5.4 13C spectrum of hernandulcin, at 100 MHz in CDCl3 using J-MOD method
for separating odd carbons (positive peaks) from even (negative). Rigamonti M. G.; Gatti
F. G. Beilstein J. Org. Chem. 2015, 11, 2117–2124. doi:10.3762/bjoc.11.228

If the peaks are less than they should be, either the analyzed molecule is different from the
expected one or performing another analysis with more acquisitions and longer relaxation
time will increase the signal to noise ration and will reveal the hidden quaternary carbon. It
is also possible that two non-equivalent carbon peaks are overlapped, if so, only an analysis
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performed on a stronger magnet will be able to distinguish among the two signals. If the
peaks are more, it is usually due to solvent contamination or bad purification of the compound
or a stereogenic center which reveals the two isomers of the molecule.

The attribution of a peak to a specific carbon in the molecule using only a 13C analysis is not
certain. However there are two main criteria: functionalized carbons have their own chemical
shift range attribution (Figure 11.5.5) and the deshielding effect. The electron density of a
nucleus plays an important role in terms of chemical shift, the higher the density, the more
the nucleus will appear at low chemical shifts. Vice versa, at low electron density, the nucleus
becomes deshielded, and will appear at higher chemical shifts.

FIGURE 11.5.5 Typical chemical shifts δ in ppm for a 13C spectrum

A 1H coupled spectrum will require more time to be understood. After calibration, likewise
the carbon analysis, we have to understand what are the equivalent protons in the molecule.
For example in a methyl group, all three hydrogens will appear as a single signal. However due
to H-H coupling, each signal has now multiplicity. This methodology is applied to understand
the chemical environment of the nucleus signal, in practice the signal of the proton or the
equivalent ones is correlated to the presence of the vicinal protons, on the α-carbon and in
some cases also on the β-carbon. Let’s analyse the simple spectrum of propanal. There are
three groups of equivalent protons, the carbonyl group proton signal, called “a”; the –CH2–
equivalent protons signal, called “b”; and the methyl group signal called “c”. Using H-H
coupling we see “a” as a triplet (three close peaks) at high chemical shift since it is strongly
deshielded, the distance in Hz between its peaks is the same and is called coupling constant,
in this case Jab since we are coupling our signal “a” with the vicinal “b”. The triplet shape
is given by the N+1 rule: the multiplicity of the signal is given by the number of the vicinal
protons, plus 1 which is the signal of the proton or equivalent protons analyzed. Likewise
the equivalent protons “c” are seen as a triplet but at low chemical shift since it has a high
electron density, the N+1 rule applies and the coupling constant will be Jbc. However signal
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“b” couples with “a” and also “c”, in this case if the coupling constants Jab and Jbc are
different, the N+1 rule is applied in sequence. The multiplicity of the signal “b” will have
two contributions: coupling “b” with “c” will rise to a quartet (3+1), and coupling “b” with
“a” will split each peak of the quartet in two other peaks (doublet 1+1), so the spectrum of
the protons “b” will show an octet with two different coupling constants.

FIGURE 11.5.6 1H simulated spectrum of propanal with area integration, the peaks are
magnified for better exposition.

If the two coupling constants are the same or have very close frequencies, like in isopropanol,
the proton bonded to the secondary carbon will appear as a septet, the N+1 rule is applied at
the same time coupling the two methyl groups (6 protons) with the signal analyzed (1). It is
noteworthy to mention that protons bonded to heteroatoms does not couple, they will always
appear as singlets. Another instrument that helps reading the 1H spectrum is integration,
by calculating the area underneath each signal. The ratio between each integer will reveal
how many protons participate in the signal.
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FIGURE 11.5.7 1H simulated spectrum of isopropanol with area integration, the peaks are
magnified for better exposition.

A common problem in H-H coupling is that often some signal with their multiplicity overlap,
especially in the shielded region of the spectrum. In this case attribution of a signal to the
protons of a molecule can’t be done properly, however it is still possible to integrate and see
if the number of the protons in the spectrum matches the expected formula.

Likewise for the proton, the same rules apply for the 1H attribution of signals to the structure
of the molecule. By knowing the expected chemical shifts of specific functional groups and
the deshielding effect as reported in Figure 11.5.8.

FIGURE 11.5.8 Typical chemical shifts δ in ppm for a 1H spectrum

Reference book: Peter Vollhardt, Neil Schore; Organic chemistry structure and functions
6th ed.; W. H. Freeman and Company
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Exercise 1

Associate each molecule (ethanol, diethyl ether and ethyl acetate) to the respective 1H spec-
trum. Recognize multiplicity and associate each group of equivalent proton to their respective
peak.

Exercise 2

Associate each 1H signal to the paracetamol molecule. Recognize multiplicity and associate
each group of equivalent proton to their respective peak. Use peak integration on the bottom
of each signal for better understanding.
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Exercise 3

Associate each 1H signal to d-limonene. Recognize multiplicity and associate each group of
equivalent proton to their respective peak. Use peak integration on the bottom of each signal
for better understanding. Remember that diasterotopic protons are not equivalent.
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Exercise 1 - solution

The first spectrum from the top is diethyl ether: protons on the primary carbon see two
hydrogen on the secondary carbon, thus the signal is a triplet and appears at low chemical
shift (shielded). Oxygen electronegativity deshields the proton on the secondary carbon,
those see three hydrogen, thus the signal is a quartet.

The second spectrum is ethanol: the same rule applies, plus the hydrogen on the alcohol
creates a broad signal.

The third spectrum is ethyl acetate: it differs from ethanol since its quartet happens at higher
chemical shift, indicating a stronger deshielding. In fact ester deshield more than alcohols.
Moreover, the primary carbon on the acetate group sees no other protons, thus appears as a
sharp singlet.

Exercise 2 - solution

2.02.26.66.87.07.27.47.6
ppm

3.
0

2.
0

2.
0

1.
0

1.
0

11

310 8
6

5
7 O

1
2

NH
3

4
5

6

7
8

9
OH
10

CH3
11

Exercise 3 - solution
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APPENDIX C CHAPTER 5 - SUPPLEMENTARY INFORMATION

Mixing tank

Pump

Cooling system

Grinding chamber

TI

PI

Filter

Figure C.1 Sketch of the wet media mill, reducing the size of the primary particle from 27 µm
to 200 nm took 4 h for a batch of 50 kg.

Figure C.2 Model regression for estimating the carbon contribution of each precursor.
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Figure C.3 High-resolution spectra of C1s and O1s of the pyrolyzed samples: LFP-L-Py
with lactose (a-b), LFP-LPU-Py with lactose, PVA and ultrasonicated (c-d) and LFP-neat-
Py calcined with no carbon precursor (e-f).
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APPENDIX D MILESTONES

LIST OF PUBLICATIONS:

• 2019 - H. Li, F. P. Cabanas-Gac, L. Hadidi, M. Bilodeau-Calame, A. Abid, K. Mameri,
M. G. Rigamonti, S. Rousselot, M. Dollé, and G. S. Patience; “LiFePO4 synthesis via
ultrasound assisted mechanochemistry”; submitted

• 2019 - D. Schieppati, R. Germon, F. Galli, M. G. Rigamonti, M. Stucchi, and D. C.
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